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 ABSTRACT 
Multiproxy Analyses of Past Vegetation, Climate, and Sediment Dynamics in Hudson River 
Wetlands 
Sanpisa Sritrairat 
The Hudson River estuary (New York, USA) is a heavily urbanized estuary with a long 
history of environmental impacts from anthropogenic activities for hundreds of years.  The 
estuary is intensely utilized, serving over ten million people throughout New York, Connecticut, 
and New Jersey.  The portion of the Hudson River from Troy, NY to New York Harbor is tidal 
and is considered an important estuary.  Tidal marshes are especially important for their roles in 
carbon sequestration, water filtration, primary production, flood-zone buffering, fisheries, and 
recreation.  However, these valuable ecosystems are threatened by increasing anthropogenic 
activities, such as land clearing, channel modification, contamination release, and the 
introduction of invasive species (Howarth et al. 1991, Swaney et al. 1996, Pederson et al. 2005, 
Miller et al. 2006, Wall et al. 2008, Chou and Peteet. 2010, Nguyen and Peteet 2010, Collins and 
Miller 2011).  In addition, projected warming, drought, sea level rise, and salt intrusion will 
likely amplify these anthropogenic effects (Bindoff et al. 2007, Christensen et al. 2007).  
Vegetation and sediment composition are two major keys that determine the health of the 
ecosystem.  Thus, a necessary key in the restoration of the estuary is the understanding of 
baseline ecosystem and sedimental conditions as well as their long-term responses to climatic 
and anthropogenic activities.  Such information is limited in the Hudson estuary (NYSDEC 
2006, 2009, 2012). 
  In this dissertation, we establish the baseline conditions of the vegetation and sediments 
of the Hudson Estuary using sediment cores from marshes and tributaries of the Hudson Estuary 
and investigate how the ecosystems have changed over time in response to major environmental 
changes.  We expand paleoecological records in the freshwater section of the estuary to 
understand regional ecological changes as prior studies are restricted to the lower portion of the 
Hudson.  An estuary-wide study of wetland and delta sediments across various environmental 
regimes aids our understanding of regional environmental shifts.  We used two approaches to 
investigate environmental changes of the Hudson Estuary: 1) Long-term multiproxy 
paleoecological reconstruction at two important freshwater National Estuarine Research Reserve 
marshes; and 2) pre and post industrialization sediment composition analysis across a North-
South transect of the river.  Knowledge about past ecosystem structure and ecosystem response 
to anthropogenic and climatic changes can provide insights on how future changes may impact 
the ecosystem.  Such information may be useful in future environmental management (Jackson 
and Hobbs 2009).   
In the first two chapters, we implement multiple proxies, including pollen, spores, 
macrofossils, charcoal, sediment bulk chemistry, and stable carbon and nitrogen isotopes to 
identify ecosystem changes spanning the past 1000 years in Tivoli Bays and Stockport Flats.   
Paleoecological reconstruction at both of these sites reveal climatic shifts such as the warm and 
dry Medieval Warm Period (MWP, 800 – 1300 AD) with high fire occurrence followed by the 
wetter cooler Little Ice Age (LIA, 1400 – 1800 AD), along with significant anthropogenic 
alterations in the watershed.  Wetland and upland vegetation slightly changed during that period, 
reflecting water availability and temperature.  The most striking changes occurred after the 
European settlement in the 17
th
 – 18th centuries.  Throughout the last century, invasive plant 
 species including Typha angustifolia, Phragmites australis, and Lythrum salicaria pollen 
percentages increased by up to 20 times the pre-European settlement values, concurrent with 
marked changes in sedimentation rate, sediment composition, nutrient input, and organic content.  
Isotopic analysis of 
13
C at Tivoli Bays confirms major vegetation shifts concurrent with 
European settlement.  The increase of fertilizer and sewage water was also visible by the 
enrichment of 
15
N in the sediment at the onset of European settlement.  The concurrent trend of 
vegetation and sediment compositional changes suggests that sediment dynamics may play an 
important role in shaping wetland characteristics.    
In Chapter 2, the paleoecological result at Stockport Flats shows similar adverse 
anthropogenic impacts to the wetland as the biggest vegetation changes occurred at the onset of 
European settlement.  In contrast to Tivoli, Stockport was a mudflat prior to the European 
settlement.  As a result, Stockport has lower organic matter content (measured as Loss-On-
Ignition (LOI)), less peat accumulation, and coarser grain size than Tivoli.  This raises a question 
about what type of habitat should be targeted for conservation.  A recently colonized wetland 
such as Stockport Flats does not serve the same function in carbon storage as an older wetland 
such as Tivoli.       
 The third chapter is the first estuary-wide study of Hudson River sediment composition 
and sediment change before and after significant anthropogenic impacts.  We characterize 
sediment composition at 20 wetlands and deltas across various environmental regimes from 
Troy, NY to the mouth of the Hudson River in New York Harbor.  We identify natural and 
anthropogenic control of sediment dynamics in the estuary.   Prior to the industrialization, LOI in 
older wetlands (24 % on average) is significantly higher than in new marshes and deltas (10% on 
average), indicating the importance of old wetlands as carbon sinks.  After the European 
 settlement, LOI markedly decreased and K, Ti, Rb, and Zr significantly increased in old wetlands 
as a result of the increase in land erosion and channel modification.  Pb, Zn, Cu and Cr were 
found to be more enriched in relation to Sr  than the upper continental crustal value by up to 180, 
320, 100, and 18 times respectively as a result of anthropogenic input.  During the process of 
correcting the signal for background metal level, we also found that the sediments from various 
settings have a wide range of background Pb of 8 – 80 ppm.  Thus, the crustal Pb values that are 
commonly used for background correction of 20 – 25 ppm are not always applicable and detailed 
analysis of the actual background concentration at each location is necessary in order to 
accurately estimate anthropogenic contributions of industrial metals.      
 Based on ecological and chemical proxies, we observe an enormous magnitude of change 
in vegetation, sedimentation rate, organic matter content, and nutrients during the last few 
centuries in the Hudson estuary, indicating significant anthropogenic influence on wetlands.  Our 
estuary-wide sediment study indicates significant regional landscape change which results in an 
increase in inorganic matter input concurrent with vegetational shifts.  The characterization of 
the baseline ecology and sediments in this study provides a guideline for ecosystem restoration 
and management to target the recovery and conservation of vegetation and sediment composition 
that is the most suitable for a given environment to fully reinstate ecosystem structure and 
function.    
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The Hudson River watershed (New York, USA) serves as an important resource 
performing many functions with human-related values.  Over ten million people in New York, 
Connecticut, New Jersey and Vermont live in the Hudson River watershed and receive direct and 
indirect ecosystem services providing food, water, storm protection, fisheries, transportation and 
recreational values.  Since the European settlement, deforestation, invasive species introduction, 
infrastructure construction, dredging, channel modification, and contaminant release have led to 
the degradation of habitat and function of the estuary (Howarth et al. 1991, Swaney et al. 1996, 
Pederson et al. 2005, Miller et al. 2006, Wall et al. 2008, Chou and Peteet. 2010, Nguyen and 
Peteet 2010, Collins and Miller 2011).  Over 50% of the Hudson River wetlands have been 
destroyed since the European settlement as a result of this degradation (NYSDEC 2006).  These 
anthropogenic activities led to the reduction of ecosystem services that the estuary previously 
provided and they are costly to manage.  For example, NY and NJ have spent over 55 million 
USD a year for dredging and sediment management in New York Harbor alone (USACOE 
2011).  Invasive species, including common reed (Phragmites australis), water chestnut (Trapa 
natans), purple loosestrife (Lythrum salicaria) and zebra mussels (Dreissena polymorpha) have 
rapidly expanded (Pederson et al. 2005, McGlynn 2009, Peteet et al. 2011, NYSDEC 2012, 
Sritrairat et al. 2012), causing an economic loss of over 400 million USDA annually in the 
Hudson River (Pimentel 2005).  Fisheries have steadily declined in the last century from over 
fishing, habitat loss, and poor water quality (Daniels et al. 2011).  Various super-fund sites, such 
as the Foundry Cover Cd remediation project and the PCBs dredging of the upper Hudson at Fort 
Edward and Hudson Falls, were designated in the Hudson as a result of high contaminant release 
in a very urbanized and industrialized watershed.   In addition to anthropogenic activities with 
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adverse effects, the estuary is also at risk from climate change, intense climate events, and 
expected sea level rise (Christensen et al. 2007, Nicholls and Cazenave 2010).   
As there is an increase in awareness of the importance of ecosystem services and of the 
effects of toxic contaminants to humans, private and governmental sectors have put more effort 
toward ecosystem restoration in the Hudson estuary.  Various restoration and conservation 
projects have been established in recent decades, including the Clean Water Act in 1972 and the 
designation of the Hudson River National Estuarine Research Reserve (HRNERR) in 1982.  
HRNERR works as a partnership between New York State Department of Environmental 
Conservation (NYSDEC) and the National Oceanic and Atmospheric Administration (NOAA) 
and aim to improve the health and vitality of the Hudson River by protecting the habitats through 
education, restoration and monitoring (NYSDEC 2009).  HRNERR identifies the need to 
understand human impacts and climatic change impacts on the estuary and to acquire baseline 
information of the Hudson River ecosystems to improve future management and restoration 
plans (NYSDEC 2006, 2009, 2012).  Ecosystem structure and sediment composition are key 
components that govern the health of the estuarine ecosystem as they can are directly linked to 
primary productivity, ecosystem structure, hydrology, and the fate of contaminants.  Thus, it is 
important to understand the baseline states and responses of wetlands and sediment composition 
in due to anthropogenic activities and climate change.   
The main focus of this dissertation is to establish baseline information of vegetation and 
sediment composition in the Hudson estuary before and after significant anthropogenic impacts 
since the European settlement.  Knowledge about past ecosystem conditions and response to 
change can provide many scenarios for how ecosystems may respond to future changes and may 
be useful in future environmental management (Jackson and Hobbs 2009).  While there are many 
xii 
 
existing studies which examine modern environmental change in the Hudson River, long-term 
investigation of ecological changes and estuarine-wide study of environmental changes have 
been limited.  Prior to this dissertation, Hudson River paleoecological studies have only 
investigated salt and brackish marshes in the lower Hudson (Pederson et al. 2005, Peteet et al. 
2006, Chou and Peteet. 2010, Nguyen and Peteet 2010, Peteet et al. 2011).  Paleoecological 
study of freshwater marshes is important to understand the dynamics of vegetation change in the 
northern section of the estuary and to investigate regional changes.  The goals of this dissertation 
are to answer: 1) What were the baseline conditions of the ecosystems in the Hudson estuary 
prior to significant human impacts? 2) How have wetland ecosystems of the Hudson estuary 
changed over time in response to climatic and anthropogenic change?  3) What environmental 
factors govern sediment composition in the estuary? 4) How has sediment composition changed 
over time?  5) Are there any regional patterns of environmental change in the estuary?    
We analyzed 19 1-m sediment cores and 3 longer cores (> 2 m) from 20 wetlands and 
deltas of tributaries of the Hudson estuary to answer these questions.  We utilized two 
approaches to investigate environmental changes of the Hudson Estuary: 1) Long-term 
multiproxy paleoecological reconstruction at two important freshwater National Estuarine 
Research Reserve (NERR) marshes; and 2) pre and post industrialization sediment composition 
comparison along a North-South transect of the river in wetlands and deltas of tributaries.  For 
Chapters 1 and 2 of this dissertation, we utilized pollen, spores, macrofossils, and geochemical 
analysis in conjunction with radiogenic chronologies to investigate paleoecological changes in 
Tivoli Bays and Stockport Flats.  Pollen from sediment cores is especially useful in identifying 
past vegetation, climate variability, land use changes, and erosion in the watershed (Chmura and 
Aharon 1995, Brush 2001, Pederson et al. 2005).  Macrofossils can be used to supplement pollen 
xiii 
 
data to confirm local presence of a species, and to enlarge the paleobotanical reconstruction.   




N stable isotopes, and element compositions help 
to further interpret vegetation and sedimentation changes.  Comparison of these parameters from 
the marsh before and after European settlement allows identification of human impacts on the 
estuarine ecosystem.   
Chapter 1 defines the climatic and anthropogenic impacts on wetland and terrestrial 
ecosystems at Tivoli Bays over the past one thousand years.  This chapter has been published in 
Estuarine, Coastal and Shelf Sciences (Sritrairat et al. 2012).  Chapter 2 provides the analysis of 
similar plant fossils and elements to identify major landscape and ecological changes at 
Stockport Flats throughout the last millennium.  Both chapters documented the impacts of the 
European settlement, invasive species expansion, marsh accretion rate, and major landscape 
changes in the mid-Hudson River. 
While pollen analysis is the one tool that can provide a paleoecological view of 
ecosystem changes, it is very time consuming, limiting our ability to provide a regional 
perspective of environmental change in a short amount of time.  Climatic and anthropogenic 
changes can influence sedimentation patterns, which consequently can affect wetland growth and 
loss, erosion, and vegetation dynamics, and river turbidity (Stevenson et al. 1988, Howarth et al. 
1991, Brush 2001, Pederson et al. 2005, Peteet et al. 2011).  Historic records (Congress 1904, 
Miller et al. 2006, Collins and Miller 2011) indicate continuous costly dredging and channel 
modification to suit this navigation need in the Hudson estuary since the 19
th
 century as a result 
of land clearing and channelization and NY/NJ are still paying over 55 million dollars each year 
to dredge and manage the sediment in New York Harbor.  With the rise of the industrialization in 
the 19
th
 century, many toxic contaminants, including industrial metals (e.g. Pb, Zn, Cu, and Cr) 
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and organic contaminants have rapidly increased, raising a health concern.  Similar to the 
vegetation component, it is important to investigate the baseline and trends of sediment 
composition to provide a guideline in habitat restoration and contaminant management in the 
estuary.  By understanding the baseline and responses of the ecosystems, policy makers can 
strategically manage sediment transport to maximize contaminated sediment removal, minimize 
ecosystem impacts, and minimize cost. 
In order to obtain this baseline information of sediment composition in the estuary, in 
Chapter 3, we used Field Portable X-Ray Fluorescence (FP-XRF) spectrometry to rapidly 
analyze 22 estuarine sediment cores from 20 marshes and deltas of the Hudson River estuary, 
from Troy to New York Harbor.  This chapter is the first estuarine-wide study in the Hudson 
estuary to describe sediment organic matter content and chemical composition as a function of 
the depositional regime, geology, vegetation cover, proximity to sediment source, salinity, and 
sediment age.  We analyzed of the concentrations of K, Ca, Ti, Cr, Mn, Fe, Cu, Zn, Br, Rb, Sr, 
Zr, and Pb to better understand their spatial variations along the North-South salinity transect in 
various environmental settings.   The sampling sites cover a range of ecosystems, with different 
vegetation density, peat depth, geology, and hydrology.  The comparison of sediment 
composition of various wetlands and deltas of tributaries prior to and after the industrialization 
period provides a regional perspective of sediment distribution in the estuary.  We indicate 
possible utilization of these elements in the future to track paleoenvironmental changes in 
estuarine sediments.  The chapter also presents the inventories and trends of industrial trace 
metals, including Pb, Zn, Cu, and Cr along the estuary.  The concentrations and inventories of 
these elements are compared with environmental standards to identify areas with high risks of 
xv 
 
exposure to such contaminants and raise a question regarding suitable ecosystem restoration 
targets.   
Overall, this dissertation provides a local and regional perspective of how past climate, 
biological and physical parameters, and anthropogenic activities have impacted the sediment and 
ecosystems of the Hudson River estuary.  Detailed analysis of wetlands and deltas along the 
entire Hudson estuary provides the first insight into the complex interactions among climate 
variability, anthropogenic activities, and environmental conditions at the regional scale.  Baseline 
ecological and sedimentological conditions provided from this study can provide a guideline for 
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A History of Vegetation, Sediment and Nutrient Dynamics at Tivoli North Bay, Hudson Estuary, 
New York 
 
This chapter has been published in Estuarine, Coastal and Shelf Sciences (Sritrairat et al., 2012) 















A History of Vegetation, Sediment and Nutrient Dynamics at Tivoli North Bay, Hudson 
Estuary, New York 
Abstract 
We conduct a stratigraphic paleoecological investigation at a Hudson River National 
Estuarine Research Reserve (HRNERR) site, Tivoli Bays, spanning the past 1100 years.  
Marsh sediment cores were analyzed for ecosystem changes using multiple proxies, 
including pollen, spores, macrofossils, charcoal, sediment bulk chemistry, and stable carbon 
and nitrogen isotopes.  The results reveal climatic shifts such as the warm and dry Medieval 
Warm Period (MWP) followed by the cooler Little Ice Age (LIA), along with significant 
anthropogenic influence on the watershed ecosystem.  A five-fold expansion of invasive 
species, including Typha angustifolia and Phragmites australis, is documented along with 
marked changes in sediment composition and nutrient input. During the last century, a ten-
fold sedimentation rate increase due to land use changes is observed.  The large magnitude of 
shifts in vegetation, sedimentation, and nutrients during the last few centuries suggest that 
human activities have made the greatest impact to the marshes of the Hudson Estuary during 
the last millennium. Climate variability and ecosystem changes similar to those observed at 
other marshes in northeastern and mid-Atlantic estuaries, attest to the widespread regional 
signature recorded at Tivoli Bays.   
 
Key words: paleoecology; tidal marshes; palynology; stable isotopes; nitrogen cycle; climate 
change; Medieval Warm Period; Little Ice Age; European Settlement; invasive species; Typha 
angustifolia; Phragmites australis; New York 
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1. Introduction 
Projected warming, drought, sea level rise, and salt intrusion (Bindoff et al., 2007; 
Christensen et al., 2007) make Atlantic estuarine wetlands particularly vulnerable to future 
climate change.  Alteration of wetlands within the estuary is especially of concern as wetlands 
serve many important ecosystem functions including hurricane protection, fish nursery habitat, 
and carbon storage. Understanding their resilience to past climatic shifts is paramount in 
providing a framework for their preservation and optimal function. Documenting ecosystem 
history provides multiple case studies of past ecosystem dynamics under quite varied 
environmental conditions (Jackson and Hobbs, 2009).  However, such paleoecological data sets 
are rare, especially for the Hudson River Valley, New York, an extensive and intensively 
modified estuary.  
The Hudson River watershed is an important resource (Findlay et al., 2002b) for over 10 
million people in large population centers such as the metropolitan area of New York City as 
well as in small communities along the river (Burns et al., 2007).  Its rich natural ecosystem 
provides transportation and recreational function as well as a vital water supply.  In the past few 
centuries, the Hudson watershed has been significantly altered.  Anthropogenic impacts, such as 
wetland destruction, invasive species expansion, pollution, and erosion are all of concern 
(Caraco et al., 2000; Findlay et al., 2002a; Mills et al., 1996; Templer et al., 1998). 
While lower Hudson wetlands have been the target of recent paleo-investigation 
(Pederson et al., 2005; Peteet et al., 2006), the mid-Hudson region contains freshwater peatland 
archives that have not been investigated.  Hence, there is a need to identify this base-line 
information to assess past anthropogenic activities and climatic patterns in relation to projected 
shifts in climate and vegetation in the Mid-Hudson Valley region. Important questions arise  —
 4 
1) How much has climate change and human impact altered these important wetland riparian 
ecosystems?  2) What shifts in vegetation composition, sedimentation, and chemistry are 
apparent? and 3) Are there any detectable ecosystem and nutrient dynamic shifts after European 
settlement? 
In this study, we examine how climate and human impacts have influenced plant ecology, 
invasive species expansion, habitat loss, carbon storage, and nutrient dynamics over the past 
millennium based on the multiproxy analysis of sediment cores using palynology, macrofossil, 
sedimentological, and geochemical analyses at the National Estuarine Research Reserve (NERR) 
Tivoli Bays, Hudson Estuary, NY.  Comparison of these parameters from the marsh before and 
after European settlement allows identification of the recent human impacts on this estuarine 
ecosystem and provides insight regarding regional environmental changes.   
2. Study Location 
The freshwater Tivoli Bays wetlands, 11 km north of the town of Red Hook, NY are the 
largest (6.88 km
2
) Hudson River National Estuarine Research Reserve (HRNERR) site on the 
Hudson (Fig. 1-1). The site consists of a mixture of tidal marsh, tidal swamps, mudflats, and 
subtidal shallow habitats, hosting narrowleaf cattail (Typha angustifolia), arrowhead (Sagittaria 
spp.), jewelweed (Impatiens capensis), spatterdock (Nuphar lutea), water celery (Vallisneria 
americana), non-native purple loosestrife (Lythrum salicaria), and non-native water chestnut 
(Trapa natans) along with a wide range of important fauna (Kiviat, 1983; Kiviat and Beecher, 
1991). Adjacent rocky hillside forests are composed of oak (Quercus rubrum, Quercus prinus), 
maple (Acer rubrum, Acer saccharum), birch (Betula spp.) and ash (Fraxinus americana) with  
understory shrubs such as dogwood (Cornus florida) and river margins of alder (Alnus sp.), 
willow (Salix sp.).  The upland bedrock is composed of marine sedimentary rocks (shale and 
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graywacke) and quartz (Isachsen et al., 2000). A continental climate affects the Hudson Valley 
region with a small river maritime influence.  The area receives average annual precipitation of 
1280 mm, with average January and July temperature of -4.2˚C and 22.2˚C, respectively (NCDC, 
2011) at nearby Poughkeepsie.    
 
Figure 1-1:  a) Hudson estuary watershed map, showing Tivoli Bays, mid Hudson River, New 
York State with three other Hudson River National Estuarine Research Reserves sites, and  b) 
Three Tivoli Bays sampling sites.  The sites are located 11 miles north of town of Red Hook 
north and south of Cruger Island Road. 
3. Methods 
3.1. Sampling  
We analyzed four sediment cores from three locations (Fig. 1-1).  The area north of 
Cruger Island Road (Fig. 1-1) is called Tivoli North Bay, while the area south of the road is 
called Tivoli South Bay.  Site Tivoli A (Fig. 1-1) is 15 m north of Cruger Island Road (42º 
1.85′N, 73º 55.30′W).  A woody tidal swamp today, it retains a mixture of arrowhead (Sagittaria 
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sp.), buttonbush (Cephalanthus occidentalis), alder (Alnus sp.), ash (Fraxinus sp.), and maple 
(Acer sp.). Core 05TivoliNB1 (Fig. 1-1) was taken in August 2005 using a Hiller peat corer and 
was used for the top 50 cm retrieval to prevent peat compaction.  05TivoliNB2, a 1-m core, was 
taken in November 2005 within 1 m of the first sampling site and retrieved using the modified 
Livingstone corer (Wright et al., 1984).  These two cores are used for all analyses.  07Tivoli3, a 
core from Tivoli B, was taken with a Dashnowski corer from the second sampling site at the 
edge of the marsh in Tivoli North Bay (42° 1.98'N, 73°55.5'W), 12 m north of Cruger Island 
Road and 3 m from the railroad track (Fig. 1-1).  This site is dominated by Typha angustifolia.  
The fourth core (Fig. 1-1), 07Tivoli4 (42° 1.81'N, 73°55.59'W), was taken from Tivoli C, which 
is 5 m west of the railroad in the South Bay and 20 m south of Cruger Island Road in Typha 
angustifolia and Sagittaria spp.-dominated marsh. The cores were sub-sampled contiguously at 2 
cm intervals, with an archive quarter stored at the LDEO repository.  Approximately 10 cc of 
homogenized samples from 05TivoliNB1 and 05TivoliNB2 were preserved wet for pollen and 
macrofossil analyses. The remainder of each sample was prepared for further analysis by drying 
at 105ºC and pulverizing with a mortar and pestle.   
3.2. Lithology 
 Sediment lithology was analyzed based on visual inspection of color, texture, grain size, 
grain type, and fiber content using the USDA classification system.  Sediment was delineated 
into different lithology types where sediment type abruptly changes based on these parameters. 
3.3. Loss-On-Ignition (LOI) 
 The dried samples were weighed and placed in a muffle furnace at 375ºC for 8 hours 
(modified from (Dean, 1974).)  The LOI is equal to sample weight lost as a result of combustion 
relative to the initial dry sample weight and representative of the amount of organic matter. 
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3.4. X-Ray Fluorescence Spectroscopy 
Approximately 3 g of dried sediment was analyzed for chemical composition with X-Ray 
Fluorescence spectroscopy (XRF) using Innov-X Alpha series 4000 XRF (Innov-X Systems, 
Woburn, MA,) following protocols detailed by Kenna et al. (2011).  Each analysis included two 
120 second measurements using the soil protocol. Each sample was first analyzed in standard 
mode (Pb and Zn in this study) and then in Light Element analysis mode (K for this study).   
3.5. Gamma Ray Spectroscopy 
After being sealed for ~3 weeks to allow for short-lived 
238
U-series radionuclides to re-
establish equilibrium, approximately 3-6 g of dried sediment from the top 50 cm of core 
05TivoliNB1 were analyzed at 2-cm intervals for gamma emitting radionuclides. The gamma 
counting system was comprised of a Canberra HpGe well detector model GCW2022  connected 
to a multi-channel buffer (Ortec model 919 Spectrum Master; 16,384 channels) and a personal 
computer running the MAESTRO© multi-channel analyzer emulation software package (Ortec).  
Detector efficiencies were determined by counting an International Atomic Energy Agency 
standard (IAEA-375) and U.S. Environmental Protection Agency standard pitchblende ore (SP-
1). Corrections to the measured radionuclide counts included background, counting efficiency, 
geometry, branching ratio, and dry sample mass to obtain activity per dry weight gram. 
210
Pb 
activities were corrected for self-attenuation (Appleby et al., 1992).  Excess 
210
Pb was calculated 
by subtracting the 
226






Cs activities were then decay 
corrected to core collection date. The precision of the measurement was ± 2-10 %, and the 
background levels were all <0.05 cpm.   
3.6. Radiocarbon dates 
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Identified macrofossils were selected and radiocarbon dated using an Accelerator Mass 
Spectrometer (AMS) at Lawrence Livermore National Laboratory.  Radiocarbon dates were 
calibrated to calendar dates using the CALIB program, version 6.0 of Stuiver and Reimer (1993). 
3.7. Pollen, Spore, and Charcoal Analysis 
Wet sediments were processed for pollen analysis with the standard HCl, HF, and 
acetolysis treatment, along with 7 and 150 μm filtration and centrifugation to extract the pollen 
and spore fraction (Faegri and Iversen, 1975).  Exotic Lycopodium spores were added to 
calculate pollen concentration.  Identification was based on pollen identification keys and LDEO 
reference pollen (Faegri and Iversen, 1975; Finkelstein, 2003; Kapp, 2000).   T. angustifolia was 
carefully separated from other Typha species and from Sparganium based on its shape and 
structure (Finkelstein, 2003).  P. australis pollen was separated from other Poaceae based on its 
smaller size than other Poaceae in tidal marshes (Clark and Patterson, 1985).  A minimum of 300 
identifiable pollen grains for each sample were counted at 400X magnification.  Pollen 
percentage was calculated based on total pollen sum, excluding spores.  Charcoal counts 
included only charcoal pieces > 250 μm2.  Charcoal is presented as charcoal to total pollen 
(charcoal:pollen) ratio. 
3.8. Macrofossil Analysis 
 Five cm
3 aliquots of wet samples were passed through a 500 μm sieve and rinsed with 
water.  Material retained on the sieve was suspended in water and examined under a microscope 
at 80X magnification. Macrofossils were identified using an extensive reference seed collection 
at LDEO and plant identification keys (Fernald, 1970; Martin and Barkley, 1973; Montgomery, 
1977). 
3.9. Total C and N and Stable C and N Isotope Analysis 
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Dried and ground samples were weighed into tin cups (1-2 mg per sample).  Three 
replicates of each sample were analyzed on a CHNS/O analyzer (2400 Series II, Perkin-Elmer, 
Boston, MA, USA) with combustion and reduction temperature of 925ºC and 640ºC for C and N 
content respectively.  Acetanilide (1-2 mg) was used as standard and was run every 10 samples 
to ensure the machine’s stability.  Carbon and nitrogen fluxes are calculated as %C (or N) x bulk 
density x sedimentation rate.   
Three other replicates of each sample were analyzed using a PDZ Europa 20-20 mass 
spectrometer with an ANCA-SL combustion system (Crewe, UK). The system measures total C, 
total N, δ13C and δ15N.  The delta (δ) notation refers to the following ratio (R) of rare versus 
abundant isotope of either C or N with respective standard (PD-Belemnite and air respectively) 
according to Craig (1957), where 
δ (in ‰) =  
A student t-test (two-tail) was performed to determine if two groups of dataset are significantly 
different.   
4. Results 
4. 1. Lithology, LOI and sediment chemistry 
Four sediment types comprise the upper 100 cm of the cores (Fig. 1-2).  From 100- 66 
cm, the sediment is composed of fine black peat muck with fibrous material. From 66-52 cm, the 
dark sediment is very fine. The lithogenic fraction of the top two zones is composed of well -
sorted gray silty clay, though the lower zone is darker.  A significant color change from dark 
gray to a lighter gray color occurs at 32 cm.  Organic matter fluctuates between 0.8 and 1.1 gcm
3
.  
Inorganic matter content increases abruptly at 52 cm (Fig 2), and remains elevated to the surface.  
This corresponds to a K concentration increase above 50 - 60 cm at all three locations (Fig. 1-2), 
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paralleling a major sedimentation change with higher inorganic matter input.  Other lithogenic 
indicators, such as Ti (not shown), follow a similar trend as K.  The concentration of trace 
metals, including total Pb (Fig. 1-2), of all sites also increases after 50 -60 cm depth, indicating 
that the lithogenic and chemistry change above these depths happened in the early 20
th
 century 
(Nitsche et al., 2010).   
 
Figure 1-2: The lithology and chemistry of Tivoli Bays sediment cores. a) organic (black) and 
inorganic (gray) content in samples from Tivoli A, b) total K and c) Pb from XRF analysis of 
Tivoli A (circle), Tivoli B(triangle), and Tivoli C (diamond) follow inorganic matter trend with 
an increase after inorganic content increases (red line).  
4.2. Chronology  
In order to estimate the sediment accumulation rates in the upper portion of the core, we 
used the constant flux: constant sedimentation (CFCS) excess 
210
Pb model (Krishnaswami et al., 
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1971; Robbins et al., 1978), fitting an exponential curve to the excess 
210
Pb activity versus depth 




Pbxs) activities ranged between below detection and 3000 pCi/kg.  
210
Pbxs is complicated in this core. Evidence of disturbance in the profile can be observed at 20 
cm.  Values fall below detection at 32 cm, indicating perhaps a second discontinuity.  
Sedimentation rates estimated for intervals 0-20 and 20-32 independently are similar (0.8 and 
0.74 cm/yr, respectively, Fig. 1-3a). 
 
Figure 1-3: a) Excess 
210
Pb and b) 
137
Cs  activity (blue circle), total lead (Pb, triangle) and zinc 
(Zn, cross).  
210
Pb activity is plotted on a log scale and the profile follows a linear trend with 
discontinuity at 20 and 32 cm depths.  The count abruptly drops below detection (B.D.) at 34 cm.  
137
Cs rises above background level at 40 cm and reaches a maximum value at 28 cm depth.  
Total Pb and Zn (b) based on X-Ray Fluorescence analysis rise from the background above 60 




Pb age model yields deposition ages between 1961 and 1972 for intervals 
between 24 and 30 cm (Fig. 1-3b), which contain the 
137
Cs maximum. The timing is consistent 
with global fallout deposition related to atomic weapons tests (Hardy, 1977; Monetti, 1996).  We 
also observe above background levels of Pb and Zn (Fig. 1-2 and 1-3), metals that are associated 
with anthropogenic industrial activities above 50 cm at all sites.  The agreement between 
independent chronostratigraphic indicators provides a measure of confidence in the chronology 
above 32 cm and also suggests that the disturbance observed at 20 cm is minor.  
Table 1-1: AMS Radiocarbon Dates of Tivoli Bays Core 
Lab 





95.4 % (2) cal 





2 Rosaceae seeds and 
 1 Carex seed 965 ± 35 
1015 - 1160 
(85%) 1087.5  
N85635 98-100 1 Carex seed 1250 ± 90 645 - 977 (95%) 811 
a
with two standard deviation age range as calibrated by CALIB 6.0 
Deposition ages between 32 and 52 cm are less certain based on 
210
Pb.  However, the 
continued presence of total Pb and total Zn (Fig. 1-3) allows us to constrain the timing to the 
early 20
th
 century (Nitsche et al., 2010).  Extrapolation of the excess 
210
Pb derived sedimentation 
rate of 0.74 cm/yr yields a deposition age of ~1930 for the discontinuity at 52 cm. 
The depth to age relationship below 52 cm is based on two 
14
C dates for macrofossils 
collected at 85 and 99 cm (Table 1) which yields a sedimentation rate of ~0.05 cm/yr (Fig. 1-4).  
If one applies the 
14
C based sedimentation rate, the deposition age of the base of the 
discontinuity at 52 cm is ~1740 AD (Fig. 1-4), which is consistent with the timing of the 
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European Settlement of the early 18
th
 century.  Although there is evidence of some 
disturbance/discontinuity in the sedimentary record, information obtained from the application of 
multiple independent chronostratigraphic indicators is consistent, suggesting that sediments 
obtained from Tivoli Bays can provide a robust comparison of two distinct time frames - before 
and after the European settlement.  The consistent depositional patterns at three sites suggest that 
the lithogenic changes are wide-spread in the marsh. 
 
Figure 1-4: Age-depth relationship of Tivoli A.  An extrapolation based on AMS 
14
C age below 
52 cm of the core at 0.05 cm/yr suggests that the 52 cm boundary is dated back to 1740 AD.  An 
extrapolation using 0.74 cm/yr sedimentation rate in the upper 52 cm suggests that the 52 cm 
depth is dated to 1930 AD.   
4. 3. Pollen and Spore Assemblages and Charcoal 
Based on visual inspection in Fig.5, the pollen stratigraphy from 100 - 0 cm can be 
divided into four pollen assemblage zones.  The pollen concentration profile yields a similar 
pattern and thus the concentration profile is omitted.  Fig. 1-6 illustrates a simplified diagram of 
non-invasive, invasive, and woody wetland species to illustrate ecological compositional shifts.   
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Figure 1-5: Tivoli Bays pollen percentage profile. Percentage is calculated in relation to total 
pollen sum and is categorized by vegetation type.  
4.3.1. Zone 1: Quercus-Pinus-Betula-Carya-Osmunda (100-78 cm) 
 Quercus (22-30%), Pinus (13-20%), Betula (7-10%), Carya (3-5%), and Osmunda (18-
25%) reach maximum percentage in this zone. Poaceae (10 to 17.5%), Cyperaceae (12-22%) and 
Polypodiaceae (10-22%) percentages are also relatively high.  Picea (2.5% average) is 
consistently visible in this zone. Charcoal increases abruptly in the upper half of the zone from 
92 -78 cm and is close to the maximum for the entire core.   
4.3.2. Zone 2: Quercus-Pinus-Tsuga-Cyperaceae-Poaceae-Polypodiaceae-Osmunda (78-52 cm) 
 Quercus (18 to 22%) and Pinus (10 to15%) remain the two dominant arboreal species. 
Populus reaches its maximum (8%) at 70 cm and Tsuga reaches maximum values.  Pollen of 
herbaceous taxa account for 35 to 45%, with Cyperaceae (25 to 35%) increasing abruptly and 
Poaceae declining toward the top of the zone.  Polypodiaceae reaches maximum values, and 
Osmunda remains high but declines toward the upper portion of the zone. Nymphaea was present 
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throughout the zone.  Charcoal:pollen reaches the maximum value in the lower part of the zone 
at 74-72 cm. 
 
Figure 1-6:  A comparison of the sum of percent pollen and spores of three plant groups. 1) non-
invasive wetlands species (open circle, e.g. Cyperaceae spp., Osmunda sp, and Polypodiaceae); 
2) invasive (black circle, e.g. Phragmites australis, Lythraceae, and Typha angustifolia); 3) 
woody wetland species (triangle, e.g. Salix spp. and Vitis spp.) at Tivoli Bays.   
 
4.3.3. Zone 3: Quercus-Alnus-Poaceae-Ambrosia-Typha (52-36 cm) 
 The arboreal fraction is comprised mostly of Quercus (10 to 15%) and Alnus (20 to 25%).  
Percentages of Tsuga and Pinus decline to minimum values of 5% in this zone. Betula declines 
at the beginning of the zone, but starts to increase at 40 cm.  Ambrosia, Chenopodiaceae, 
Poaceae and Impatiens markedly increase, concurrent with a rise in Salix and Cephalanthus, 
while Polypodioceae and Osmunda sharply drop.   
4.3.4. Zone 4: Quercus-Pinus-Betula-Typha-Poaceae (36-0 cm)  
 Quercus and Pinus recover, with a rising trend reaching the maximum of 25 and 15% 
respectively.  Betula (8%) recovers its high percentage as Ambrosia declines. Typha angustifolia 
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(30-60%) becomes dominant. Salix, Fraxinus, Cephalanthus, Vitis, and Violaceae continue to 
increase. Lythraceae and Myriophyllum can consistently be observed throughout the zone.  Other 
aquatic taxa, including Nymphaea and Potamogeton become noticeable.  The charcoal:pollen 
ratio declines to less than 30, but then slightly increases mid-zone. 
4. 4. Macrofossil Assemblages  
The macrofossil diagram is presented in Fig. 1-7 utilizing the same zones as in Fig. 1-5.  
Very few macrofossils are found in the lowermost zone (Fig. 1-7). Carex cf. aquatilis seeds 
throughout zone 2 are concurrent with Cyperaceae pollen increases in zone 3 (Fig. 1-5).  Seeds 
of weedy species, including Asteraceae, Poaceae, Polygonum, Impatiens capensis and 
Chenopodiaceae are found primarily in the top zones (zone 3 and 4).  However, both pollen and 
seeds of Impatiens capensis were observed in earlier zones as well. 
Figure 1-7: Macrofossils identified in Tivoli North Bay core.  The fossils are larger than 150 μm 




The macrofossils provide the advantage of confirming the presence of some plants as 
well as aiding identification at the species level.  For example, Cornus obliqua seeds (zone 3) 
were found, though their pollen were not recognized in the pollen profile.  Alnus bracts were 
found in zone 1, 2 and 4, even though Alnus pollen percentage is the highest in zone 4 only. 
Violet seeds are also found at several depths throughout, even though Violaceae pollen (Fig. 1-5) 
is the highest in zone 4.  
4. 5. %C, %N, and C/N ratio 
Hydrogen to carbon (H/C) atomic ratio ranges from 0.98 to 1.45, indicating a low 
inorganic carbon fraction. Percent carbon and C/N ratio both show overall declines upward (Fig. 
1-8).  In zone 1, percent carbon decreases from 39% to 28% in this lowermost part of the core 
(Fig. 1-8).  The C/N ratio in this zone from 98-80 cm is significantly higher than the rest of the 
core (P<0.001), with a mean value of 20.6±1.5.  Percent carbon declines slightly in zone 2 
(26.6±1.1%), while percent nitrogen (1.66±0.13%) and the C/N ratio (16.0±0.7) are very stable 
during this interval.  In zone 3, percent carbon gradually drops by half, from 25% to 12% over 
this interval.  Percent nitrogen follows a similar decreasing trend, changing from 1.6% to 0.7%.  
There is a slight decline of the C/N ratio where charcoal also drops, but both increase at the close 
of the interval. In zone 4, percent carbon content fluctuates around 11.0±1.9%. Percent nitrogen 
is highly variable 0.668±0.107%), while the C/N ratio is stable (16.5±0.7%). 
4. 6. Stable C and N Isotopic Analysis 
Stable isotope C and N show significant fluctuations throughout the core (Fig. 1-8). The 
δ13C is stable at lower depths from 93-57 cm, with the mean value of -26.52± 0.37‰.  Above 57 
cm depth, the δ13C increases, until reaching a maximum value of δ13C (-22.82 ± 0.46‰) at 47 
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cm.  From the maximum, δ13C declines toward the top of the core to the minimum of -29.02 ± 
0.11‰ for all depths above 93 cm. 
From 100-78 cm, δ15N (Fig. 1-8) fluctuates around a low mean of 1.47 ± 0.67‰, then 
drops to 0.40 ± 0.30‰ at 78 cm. From 78 cm up to 38 cm, δ15N increases.  From 38 cm upward 
to 12 cm, δ15N is stable and relatively enriched (4.06 ± 0.38‰).  However, it drops to 3.5‰ 
around 9-5 cm before returning to the most enriched values at the surface (4.7‰).   
 
Figure 1-8: Carbon and nitrogen parameters at Tivoli A.  The graph shows %C, %N, %H from a 
CHNS/O analyzer, calculated C and N fluxes, and δ13C and δ15N from a spectrometer of bulk 
sediment core. 
5. Discussion 
5.1. Multiproxy Interpretation of Tivoli Bays Environmental Change 
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The mid-Hudson Valley marshes, as evidenced by this study, reflect enormous impact 
from humans. Vegetation composition, invasive species expansion, nutrient dynamics, and 
sedimentation patterns significantly shift at the boundary of the European settlement at 52 cm 
(~1700 AD) (Fig. 1-7).  Pollen percentage of native wetland species, including ferns and sedges, 
decreases by up to 75% from the pre-European settlement period toward the present.  Total 
percent of invasive species, such as T. angustifolia, P. australis, and L. salicaria (Fig. 1-6) 
increases five-fold.  Invasive species expansion is clearly anthropogenic in most cases, as many 
species were not present or were present at low percentage prior to European settlement.  Weedy 
and woody species also increase by three times their pre-settlement percentages, as supported by 
disturbance and drier conditions from a 10-fold (Fig. 1-4) higher sedimentation rate and higher 
inorganic matter input (Fig. 1-2) during the last century.  Based on sediment chemistry, this 
inorganic matter increase is uniform throughout the marsh, as Ti and K increase at all sites when 
total Pb and Znare above background level (Fig. 1-2 and 1-3), indicating influences from 
humans. Nutrient and carbon concentration, fluxes, and isotopes significantly shift (Fig. 1-8).  
Using the vegetation zones previously established based on pollen assemblages, detailed 
discussion about each time zone follows. 
5. 1.1. Pre-European Settlement with Fires (A.D. ~826 – 1310) 
 Forest composition at about 1000 AD is dominated by Quercus and Pinus (Fig. 1-5). 
Species that have an advantage in disturbed areas such as Betula and Poaceae are likely 
indicative of land disturbance from fires, as higher charcoal is observed.   High percentage of 
Carya, a warmth-loving species (Fowells, 1965), supports an increase in temperature.  The depth 
of 84 cm that is dated to 1087±72 AD corresponds to the lower charcoal maximum, a feature that 
is also found in other Hudson River marsh cores at Piermont (Pederson et al., 2005) and Iona 
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(Peteet et al., 2006) and represent the warm, dry Medieval Warm Period (MWP.)  This high 
charcoal peak is likely a result of a regional Hudson Valley MWP recorded on a larger spatial 
scale in other parts of North America and the globe.  For example, Chesapeake records suggest 
drier conditions prior to the Little Ice Age (LIA) (Brush, 1986, 2001; Cronin et al., 2000; Cronin 
et al., 2010; Cronin and Vann, 2003) and the western US is known to have suffered severe 
droughts based on tree ring records (Cook et al., 2004).  While there is a debate if the MWP is a 
global phenomenon as the warming is not synchronized at all sites around the globe , many 
paleoclimatic records suggest widespread climatic anomalies, such as parts of Europe (Mangini 
et al., 2005), Tasmania (Cook et al., 1991), Asia (Yang et al., 2002), and Africa (Alin and Cohen, 
2003) during the same time period. 
During this time period prior to the European settlement, the sedimentation rate of 0.05-
0.06 cm/yr is much lower than the sedimentation rate at the brackish downriver Piermont marsh 
(Fig. 1-1, 0.3 cm/yr (Pederson et al., 2005)) and is lower than most freshwater tidal marshes 
(Neubauer, 2008).  The sediment is highly organic throughout, suggesting low contribution of 
any upland sediment source. 
If local drought and fire occurred during this period, enhanced erosion from the uplands 
would likely increase lithogenic input.  This may explain the slight decline in percent carbon 
(Fig. 1-2 and Fig. 1-8), but the complexity of plant type in net carbon sequestration makes the 
connection obscure.  An increase in the cold indicator, Picea pollen, overlapping the charcoal 
maximum (Fig. 1-5) may be a result of increased erosion from the sites further north.  Despite 
the higher charcoal counts compared with the modern deforestation period, the forest and marsh 
composition of this pre-industrialization interval does not show as much disturbance in species 
composition as during the subsequent European settlement and industrialization.  The presence 
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of aquatic species such as Nymphaea during this presumably warm and dry period suggests that 
the local plant community may not have been significantly affected by fires.  However, the rise 
of ferns (Osmunda and Polypodiaceae) and Cyperaceae may indicate a drop in water table at the 
site that allows the colonization of these genera near shore on exposed riverine mud.  Fern 
expansion was observed at both Piermont and Tivoli supporting a regional hydrological shift.   
The δ13C signature in marsh sediments reflects the organic matter source, decomposition, 
and environmental factors (Chmura and Aharon, 1995; Chmura et al., 1987).  Chmura et al. 
(1987) found that δ13C in sedimentary carbon in Louisiana marshes was mainly derived from the 
local dominant vegetation.  Since some plant groups have a distinct δ13C range and because 
marsh vegetation has significantly changed at Tivoli based on pollen/macrofossil stratigraphy, 
vegetational composition is likely the most significant cause of δ13C fluctuations at this study 
site.  There exist both C3 and C4 Cyperaceae which are the dominant pre-European marsh 
vegetation in this zone.  Elevated δ13C signature observed in zone1 (Fig. 1-8) suggests possible 
expansion of C4 Cyperaceae as C4 Cyperaceae are reported to be very enriched in δ 13C (~-12.1 
to -15.9‰) (Chmura and Aharon, 1995; Chmura et al., 1987).   
The drier condition of the wetland can result in reduced fractionation and decreases in 
δ13C from vegetation change, while the decomposition may increase the 13C content (Chmura et 
al., 1987; Malamud-Roam and Ingram, 2004).  While the δ13C is more enriched than in other 
zones, supporting high decomposition in a dry condition, the inferred lower water level during 
the warm and dry MWP at Tivoli does not seem to be evident based on δ13C as the value is very 
stable and does not track the charcoal count.  Tivoli remained fresh, and the vegetation type in 
the marsh may not have been significantly altered in comparison to subsequent vegetational 
change.   
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There is a higher fluctuation of δ15N around lower mean value of 1.47 ± 0. 67 ‰ below 
80 cm (~1000 AD) (Fig. 1-8) when charcoal is high (Fig. 1-5).  Burning might have caused the N 
fractionation and depleted 
15
N (Ansley et al., 2006) during charcoal maxima.  Drier conditions 
would also allow an increase in erosional terrestrial nitrogen input and higher nitrification rate.  
Both processes can contribute to a heavier 
15
N signature than the products of denitrification 
which occur in conditions of greater anoxia in the sediment (Brandes and Devol, 2002).  
5. 1.2. Pre-European Forest and Climate Transition (A.D. ~1310 – ~1700) 
 Quercus and Pinus continue to dominate the forest in this region before European 
settlement (Fig. 1-5).  Quercus bicolor which is found in the woody Tivoli swamp today might 
have contributed to total Quercus pollen in addition to an upland signal (Kiviat, 1983).   Pinus 
strobus is likely the dominant Pinus species, based on modern assemblages.     
 Kiviat and Beecher (1991) estimate from an old 1850 map that North Bay was probably 
dominated by subtidal communities and deep open water.  This is supported by our pollen 
stratigraphy that there were high amounts of aquatic pollen and spores, including Nymphaea and 
Potamogeton.  Cyperaceae, Osmunda, and Polypodiaceae could have resided around the marsh 
perimeter and on the deltas off several creeks that are present.   
Carex cf. aquatilis seeds (Fig. 1-7) confirm that Cyperaceae was an important marsh 
component during the pre-European settlement time. This sedge grows well in shallow pools, 
pond, and near stream margins (Fernald, 1970) and its presence suggests that Tivoli Bays may 
have been wetter and more open to river flow.  Royal fern (Osmunda regalis) is the single 
Osmunda species in Tivoli Bays today.  However, Osmunda spores observed in this zone are 
comprised of O. regalis and at least one other species based on spore texture and size.  Thus, 
higher Osmunda diversity before European settlement is suggested, including possibly 
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O.cinnamomea  and/or O. claytoniana. In contrast to the locally moist marsh condition, a 
relatively high percentage of Carya, Liquidambar, Populus, and charcoal count indicate that 
regional climate was probably drier as well as warmer at the beginning of this zone during the 
MWP transition.  As charcoal dropped off, mesic species such as Tsuga began to rise, consistent 
with a transition from drier to wetter conditions.  This wetter and cooler period during the LIA is 
also observed in Piermont (Pederson et al., 2005) and Chesapeake Bay (Brush, 2001; Cronin et 
al., 2010).  
Slightly lower C/N ratio early in this zone maybe a result of preferential carbon loss from 
fire.  δ13C continues to be stable and similar to the previous zone, with values higher than in 
other zones.  Similar to zone1, this elevated δ13C supports the continuation of a high population 
of Cyperaceae with enriched 
13
C.  δ 15N rebounds and continue to increase as charcoal and fire 
occurrence decline.  
5. 1.3. European settlement, Industrialization, and Landscape Changes (A.D. ~1700 – <1960s) 
 Historic records indicate that the Europeans bought Cruger Island and Tivoli Bays from 
Native Americans in A.D.1681, but significant logging might not have started until 1688 (Klein, 
2001; Philip, 2008). The increase in Ambrosia has been used to successfully indicate the timing 
of European settlement in the Hudson Highlands and the Hudson Valley (Maenza-Gmelch, 1997; 
Pederson et al., 2005).  Thus, the Ambrosia rise at 54 cm (Fig. 1-5), if reflecting regional 
settlement, suggests the timing of the permanent Dutch settlement starting in the late 17
th
 century 
(Philip, 2008) which agrees with the age estimation from radiocarbon dates.  The major 
characteristic of this interval is a sharp decline of forest components Quercus, Pinus, Carya, 
Tsuga, and Liquidambar due to logging with settlement.  Charcoal increases probably indicate 
human-induced fires.  The expansion of Betula supports a disturbance scenario.  Early-
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colonizing herbaceous species, including Poaceae, Chenopodiaceae, Impatiens, and Violaceae 
became much more abundant (Fig. 1-5) in response to land clearing.  Higher percentage mesic 
and northern species such as Tsuga prior to this zone and Fagus in the upper part of the zone 
suggests a moist and cooler climate.  Historic records indicate cold winters with high 
precipitation in the 1800s (Cook and Jacoby, 1977; Klein, 2001) . 
Lithological change and the reduction of percent carbon is observed in this zone (Fig. 1-
5).  At all three Tivoli locations, higher inorganic matter input and higher K, which are indicative 
of increase of inorganic matter, support the shift in regional sedimentation pattern (Fig. 1-3).  
This sediment composition shift is likely due to higher erosion from deforestation during the 
European settlement and following industrialization.  A similar trend is observed during this time 
frame at Piermont Marsh (Pederson et al., 2005), suggesting regional land-use changes in the 
estuary.  As inorganic deposition rate was higher during this period, it increased the 
sedimentation rate and raised the elevation of the marsh, making the soils drier with improved 
drainage.  A reduction of aquatic and wetland plants (Nymphaea, Potamogeton, Cyperaceae, 
Osmunda, and Polypodiaceae) and replacement with shrubby wetland plants (Alnus, Cornus, 
Cephalanthus and Vitis) supports this inference.  T. angustifolia, along with other invasive 
species, began to colonize the marsh (Fig. 1-5 and Fig. 1-6).   
 C/N ratios during this settlement interval are lower than in other zones (p<0.04).  This 
reduction indicates higher contribution from low C/N sources.  Low C/N sources include 
degraded ―old soil,‖ aquatic plants, and lower aquatic autotrophs such as plankton and algae.  
The deforestation could have reduced fresh terrestrial plant input.  Subsequent erosion can bring 
in more well-oxidized upland soil, which has a lower C/N content (higher nutrient) than new 
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organic material (Fisher et al., 2003).  This initiation of nutrient increase at Tivoli possibly 
contributed to an increase in invasive species in the wetland. 
There is a significant decrease in δ13C (p<0.001) and increase of δ15N (p <.01) compared 
to the rest of the core just after the European settlement at 48 cm (Fig. 1-8). The changes occur at 
the same depth as the lithological change and a major shift in pollen signifying disturbance.  This 
concurrence supports the hypothesis that δ13C and δ15N shifts are due to anthropogenic activities.  
The depletion of δ13C might be a result from a shift in other sediment sources, such as possible 
increased input from erosion after land clearing or the increase in algae (minimum algae δ13C of 
-17.9‰, (Chmura et al., 1987)) growth due to nutrient fertilization from upland runoff, which is 
also supported by the  C/N ratio.   
The change and increase in different nitrogen sources is likely the main factor that drives 
the increasing δ15N trend.  Human and animal waste input (enriched in 15N (Aravena et al., 
1993))  to estuarine systems can result in higher δ 15N in marsh vegetation (Cole et al., 2004).  
Increasing population and livestock in the watershed after the European settlement may have 
increased human and animal waste input which results in the observed higher 
15
N.   
5. 1.4. Reforestation and Marsh Restoration (<1963 – present) 
  Sedimentation rate in this zone at 0.74 cm/yr is more than 10 times the sedimentation 
rate prior to the European settlement, probably as a result of land-use changes and estuarine 
disturbances.  The rate is higher than that of current sea level rise (0.31 ± 0.07 cm/yr in 1993-
2003) and it falls within the range observed sedimentation rates in fresh tidal marshes from 
various locations (Neubauer, 2008).  Regrowth and reforestation is indicated by the resurgence 
of Quercus, Pinus, and Betula concurrent with the Ambrosia decline in the second half of the 
twentieth century.  However, forest composition is different from pre-settlement as Pinus is less 
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abundant and Betula expands.  Vacant and open agricultural land may also result in the 
continuous growth of weedy species.   
In contrast to the Pinus and Quercus reforestation, Tsuga sharply declined and remains 
low up to the present.  In contrast to our pollen record suggesting lack of hemlock recovery, at 
some New England sites an increase in T. canadensis has been observed as a result of replanting 
and a decline in logging during recent decades (McLachlan et al., 2000; Orwig and Foster, 
1998). 
Vegetation of the marsh itself also differs from pre-European time (Fig. 1-5 – Fig1-7). 
Woody species, including Salix, Fraxinus, and Cephalanthus, continue to increase, while 
Cyperaceae, Osmunda, and Polypodiaceae never reach their pre-settlement percentage.  T. 
angustifolia becomes one of the dominant marsh plants, with more than five times higher pollen 
percentage than during the pre-settlement when its pollen was scarce.  Tivoli plant surveys in the 
1970s and 1980s indicate that T. angustifolia has been a major wetland species for several 
decades, while woody plants were expanding toward the river (Westad and Kiviat, 1986).  T. 
angustifolia and T. x glauca have become prominent species in North American wetlands and are 
often considered as weedy, unwanted or invasive with negative impacts on the ecosystem as they 
spread and develop monocultures, reducing plant diversity (Grace and Harrison, 1986; Houlahan 
and Findlay, 2004; Rippke et al., 2010; Shih and Finkelstein, 2008; Vaccaro et al., 2009).  Based 
on herbarium and pollen records, Shih and Finkelstein (2008) concluded that Typha spp. has a 
high invasive tendency in North America. Thirty five out of 45 sites North America showed an 
increase in T. angustifolia (Typha/Sparganium monads pollen type) in the past 1000 years, 
concurring with the increasing trend of this species from this study.  Piermont Marsh 
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paleoecology indicates a similar expansion of T. angustifolia (Pederson et al., 2005) in recent 
decades.   
Vitis labrusca is very common on woody plants, so Vitis increase may be a result of the 
expansion of woody species.  The presence of Asteraceae, Poaceae, Polygonum, and 
Chenopodiaceae seeds indicate land disturbance and invasion of weedy species which is also 
observed in the pollen and spore profile.  Higher sedimentation rate likely plays a role, as the 
emergent area of North Bay has increased from 1934 to 1995 near the northwest boundary and 
along Cruger Island Road based on historical maps. 
The most abundant herbs at Tivoli during the last three decades are Impatienscapensis  (I. 
biflora), Lythrum salicaria, Polygonum spp., Osmunda regalis, Pilea pumila, and Viola 
cucullata (Westad and Kiviat, 1986).  In our record, there may be up to a four times reduction in 
Osmunda spp.  while the percentage of Vitis pollen is at least 3 times higher than pre-settlement 
time, though the seed concentration is stable throughout the core.  Small size Poaceae pollen, 
likely representing Phragmites australis, shows a similar trend as it is invading Tivoli (Kiviat, 
1983).  Small size Poaceae pollen was present before the settlement, but a minor component.  
This is supported by other studies suggesting that P. australis was native to North America for at 
least 3,000 years (Orson et al., 1987) based upon rhizome identification.   Its aggressive invasion 
over the last 150 years in the Mid-Atlantic region (Galatowitsch et al., 1999; Rice et al., 2000; 
Silliman and Bertness, 2004) is attributed to of the introduction of a more aggressive hybrid 
strain from Eurasia during the early 19
th
 century (Saltonstall, 2002).  By DNA sequencing of 
herbarium collections, the imprint of the introduced strain was shown to be present in the Mid-
Atlantic region before 1910.  By 1940, only the hybrid strain has been identified (Saltonstall, 
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2002, 2003).  Land disturbances and nutrient enrichment have also been linked to the expansion 
of this species (Rice et al., 2000; Silliman and Bertness, 2004).     
The invasive L. salicaria has been reported to cover large areas during the past three 
decades (Kiviat, 1983; Kiviat and Beecher, 1991; Westad and Kiviat, 1986).  As seen from the 
pollen record, Lythrum was not significantly present until after European settlement.  
Myriophyllum pollen, consistently found at a low percentage in the upper zone, is also likely the 
introduced M. spicatum, the only Myriophyllum species in Tivoli (Westad and Kiviat, 1986).  
Impatiens pollen and I. capensis seeds increase after the European settlement in similar nature to 
the increase of other invasive species. The expansion of this species in the fossil record appears 
unique to Tivoli.  This species is native to North America and is considered to be non-invasive in 
the northeast United States, but it is invasive in Europe (Tabak and Wettberg, 2008).  
Hybridization of the species with other non-native Impatiens has not been documented in 
Northeastern United States, but Tobak and Wettberg suggest there might be a threat of such 
hybridization.  The increase of the species might also be due to the change in environmental 
factors that favor its expansion and thus close attention to the spread of the species is warranted. 
Throughout the upper portion of the core, δ13C linearly decreases to below the average 
pre-historic level.  Compilation of the δ13C of marsh vegetation reveals that modern invasive and 
weedy species (i.e. Typha x glauca (-27.7‰), Phragmites australis (-24.6 to -29.4‰), Impatiens 
biflora (I. capensis) (-27.4‰) are highly depleted in 13C (Chmura and Aharon, 1995; Hornibrook 
et al., 2000) as are most upland trees.  Because terrestrial upland and marsh species have more 
depleted δ13C than aquatic plants, decreasing δ13C is consistent with the observed woody species 
invasion into Tivoli Bays from the pollen and spore record (Fig.6).  Degradation of organic 
matter can result in an enrichment of δ13C in the sediment, though selective decomposition might 
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lower δ13C as more 13C –depleted organic components such as lignin are better preserved 
(Chmura et al., 1987; Hornibrook et al., 2000).  This can cause an additional effect of lowering 
the δ13C and the gradual δ13C decrease near the top of the core as labile-organic matter undergoes 
more rapid decomposition than old organic matter (Hornibrook et al., 2000).  The δ13C trend 
somewhat resembles that of % organic matter profile (r
2 
= 0.7, p< 0.01) in that δ13C is more 
negative with lower organic matter content as higher lithogenic input and sedimentation rate 
causes the invasion of woody species.  
 δ 15N often parallels wastewater/run off input as well as eutrophication increase in δ15N 
in macrophytes and marsh sediment of the Hudson estuary and Chesapeake Bay (Abreu et al., 
2006; Church et al., 2006; Cole et al., 2005; Cole et al., 2004).   In this zone, δ15N remains 
elevated in comparison to the pre-European settlement period, likely due to the continuation of 
increased wastewater input.  In addition, nitrogen consumption in the United States has increased 
from near 0 tg/yr in the 1940’s (Vitousek et al., 1997), to 2.74 tg/yr in 1960 which then 
exponentially increased to 13.2 tg/yr in 2007 (Erseus, 2008).  Significant increase of agricultural 
and sewage input to the Hudson Estuary during the last 50 years likely caused eutrophication in 
the estuary (Howarth et al., 1996).   Nitrogen and carbon flux exhibits a significant increase in 
the last 50 years (Fig. 1-8), supporting this view.   
Anoxic conditions can increase denitrification, and thus enrich 
15
N in the sediment 
further.  Evidence of anoxia is also seen as higher carbon and nitrogen fluxes (Fig. 1-8).   Thus, 
the profile of higher δ15N after the European settlement at Tivoli supports increasing fertilizer 
usage, wastewater input, and eutrophication.  Similar increase in the degree of eutrophication 
during the same time scale is observed in many other estuaries, including Chesapeake Bay 
(Cooper and Brush, 1993), Narragansett Bay (Hubeny et al., 2009), and the Great Lakes (Rippke 
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et al., 2010).  The shift in δ15N begins at the same time that T. angustifolia rises and may be 
linked.  This correlation supports the hypothesis that T. angustifolia expansion is fostered by 
eutrophic and nutrient-rich conditions (Tanaka et al., 2004; Vaithiyanathan and Richardson, 
1999). 
5.2. Tivoli Bays in a Regional Context  
To place the regional ecological changes of the Hudson marshes into a perspective based 
on historical records, Swaney et al. (2006) suggest that the Hudson watershed was probably 
heavily forested prior to 1609.  Land along the river was colonized by 1700 AD because the land 
was easily accessible by boats (Swaney et al., 2006).  Swaney et al. also suggest that land 
clearing and logging of any region along the river took place early, which would explain pollen 
evidence for arboreal decline in the 17
th
 – 18th century at Tivoli and other Hudson River sites 
(Pederson et al., 2005; Peteet et al., 2006).  Palynological records from Hudson Highlands ponds 
(MaenzaGmelch, 1997) and nearby New Jersey lake (Toney et al., 2003), suggest similar tree 
declines, and herbs and shrubs increase around 1700AD.  The tanning industry started in the 
1700s and peaked in the mid 1800s, when the primary resource, Tsuga, declined.  Both logging 
and tanning collapsed from exhaustion of resource and market by the mid 1850s.  In 1880, 68% 
of the Hudson watershed was farmland, but it has been 70% reforested by the 1990s (Swaney et 
al., 2006) and is evident as tree species recovery in pollen records at other sites (MaenzaGmelch, 
1997; Pederson et al., 2005).  This would explain the rise of tree species at all sites.  As expected, 
pollen percentages of trees are lower than the pre-European values.     
Westad and Kiviat (1986) suggested that construction of the Cruger Island Bridge and 
railroad in 1835 and 1851 may have contributed to higher sedimentation rates in the bays.  This 
development fragmented the bays and slowed down tidal flushing.  From our record, a 
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significantly higher inorganic content near the surface at all three Tivoli locations indicates a 
major landscape change.  The railroad construction is the most likely cause of sediment trapping.  
Higher sedimentation rates may have caused the observed increase in drier and woodier species.  
However, the higher percent of inorganic matter clearly increased when Ambrosia started to rise 
at Tivoli A, presumably in the eighteenth century.  Therefore, it appears that higher inorganic 
input resulted from the increase in land erosion with settlement somewhat earlier, rather than 
solely from the subsequent local bridge, road, and railroad constructions. 
From this record, Tivoli marsh has stored a significant amount of organic matter, as the 
%C in the sediment ranges from 10 -40%.  However, the level drops off after the European 
settlement.  In comparison, the down-river Piermont core has twice as much %C (20%) at the 
surface, and the salt marsh vegetational composition dominated by Spartina patens/Distichlis 
spicata there is quite different.  The LOI at Piermont declined during settlement as the inorganic 
weight fraction first increased due to erosion but then recovered in the last century as 
reforestation led to erosional decline (Pederson et al., 2005).  A consistently high inorganic 
fraction at Tivoli in recent centuries may be a result of continued local landscape change rather 
than a regional effect. 
Cook and Jacoby (1977) concluded from a tree ring study that drought during the 1960s 
was the most severe since 1730 in the Hudson Valley.  However, charcoal concentration near the 
top of this core is five times smaller than during the 11
th
 century maximum.  Thus, in 
comparison, the MWP was probably much drier than recent centuries and additionally humans 





   In answer to our research questions, the Tivoli Bays paleorecord demonstrates an 
example of enormous anthropogenic impact of European settlement on an estuarine ecosystem at 
an NERR site.  While upland forest composition recovers somewhat from the pre-European 
settlement period, wetland species composition, lithology and function do not recover their pre-
European state.  Sedimentation rate at Tivoli Bays during the last two centuries (0.74 cm/yr) is 
more than 13 times higher than the pre-settlement period (0.05 cm/yr), indicating significant 
impacts from human-induced land use changes. A concurrent significant increase in woody 
species (Salix spp., Vitis spp., and Alnus spp.) suggests a drier habitat from regional increase of 
inorganic sediment input.  Local marsh vegetation at Tivoli Bays prior to European impact was 
dominated by sedge (Cyperaceae).  Ferns such as Osmunda and Polypodiaceae were also well-
represented. Species with high invasive tendency such as Phragmites australis, Typha 
angustifolia, Lythrum salicaria, and Impatiens capensis all increased up to 5 fold during the last 
50-100 years and replaced pre-settlement sedges and ferns.  The expansion of these species 
parallels pollen records in the Hudson Estuary and across North America, confirming the 
invasiveness of these species.  Significant δ13C decline after the European settlement at Tivoli 
Bays confirms the vegetation compositional shifts.  C and N fluxes, δ15 N, %N profiles support 
significant anthropogenic influences on nutrient dynamics of the wetland.   A significant increase 
in wastewater input, fertilizer usage, and anoxia are likely linked to invasive species expansion. 
The finding confirms regional MWP with drought leading to fire and a cooler LIA climate.  
However, vegetation shifts as a result of these climatic events are smaller than those from human 
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Climatic and Anthropogenic-Induced Environmental Change during the last Millennium 
at Stockport Flats National Estuarine Research Reserve, Hudson River, New York 
Abstract 
 The Hudson River National Estuarine Research Reserve (HRNERR) site at Stockport 
Flats is a protected tidal marsh site. In order to investigate vegetational shifts, climate variability, 
and landscape change through time, we analyzed pollen, spores, macrofossils, charcoal, sediment 
properties, and bulk chemistry in a marsh sediment core.  An increase in charcoal during the 
Medieval Warm Period was observed from the 10
th – 12th centuries, indicative of regional 
warmth, frequent fire, and drought.   The record indicates that human perturbation has made 
enormous impacts on the marsh.  A comparison of pre and post European settlement conditions 
in the 18
th
 century suggests at least a 10 times increase in sedimentation rate and 3 times increase 
in inorganic matter input from construction and dredge spoil filling, resulting in reduced aquatic 
habitat.  Weedy species such as Phragmites australis, Typha angustifolia, Lythrum salicaria and 
Impatiens capensis  increased by up to 20 times during the last century due to drier conditions, 
disturbance, and change in nutrient dynamics.  There is much less organic matter stored in 
Stockport Flats than in most other tidal marshes in the Hudson Estuary, though organic matter in 
the sediment has been increasing over recent decades.  The study identifies baseline ecosystem 
structure before the European settlement as well as the current status, which is important for 







Regional ecosystem history provides valuable information over a wide range of past 
conditions, and knowledge of this history helps us to understand how specific ecosystems may 
respond to future environmental changes (Jackson and Hobbs 2009).  Our baseline understanding 
of past Hudson estuarine wetlands is limited.  However, the Hudson Estuary is a vital resource 
for millions of people including those in the New York metropolitan area.  Current restoration 
efforts focus on the restoration of existing wetland habitats, but there is a need to investigate past 
ecosystem structure and the loss of habitat function due to anthropogenic modification (Miller et 
al. 2006).  Previous paleoenvironmental studies identified the Medieval Warm Period (MWP, 
10
th – 12th centuries,), Little Ice Age (LIA, 14th – 19th centuries), and major anthropogenic 
impacts in the fresh (Sritrairat et al. 2012) and brackish (Pederson et al. 2005, Peteet et al. 2006) 
lower Hudson marshes.   This study provides a perspective of another fresh tidal wetland from 
Stockport Flats, a Hudson National Estuarine Research Reserve (HNERR) site near Albany, NY.  
We ask: 1) How has the wetland of Stockport Flats changed through time? 2) What was the 
natural vegetational component of the freshwater tidal Hudson River like before significant 
human impact?  3) When and why have the invasive species rapidly expanded? 
The comparison of marsh environmental indicators before and after European settlement 
identifies human impact on the estuarine ecosystem. We use pollen, spores, macrofossils and 
geochemical analysis in conjunction with radiogenic chronologies to address how the 
environment at Stockport Flats has changed.  We also compare ecological changes at Stockport 















The study focuses on the northernmost HNERR site on the Hudson River.  Stockport 
Flats marsh (41º 19′N, 73º 47′W) lies west of the town of Stockport, Columbia County (Fig. 2-1).  
The area receives an average annual precipitation of 1067 mm, with an average January and July 
temperature of -3.89˚C and 22.78 ˚C respectively (www.ncdc.noaa.org, Hudson, NY station).   
Stockport Creek drains 70% of the water in Columbia County watershed to the Hudson.  The 
freshwater tidal marsh and mudflat at Stockport expands over 0.49 km
2
 of land (Mihocko et al. 
2003).   The most common marsh plants include sweetflag (Acorus sp.), pickerelweed 
(Pontederia cordata), and bulrushes (Scirpus fluviatilis and S. pungens) (Kiviat and Schmidt, 
2001).  Large areas of the mudflat are vegetated by arrowhead (Sagittaria sp.) along with the 
invasive water chestnut (Trapa natans).   
The coring location is on the eastern shore of the lower part of the Stockport Flats 
Reserve site (Fig. 2-1).  At the coring site, the tidal marsh community is mainly composed of 
yellow flag (Iris americana), cattail (Typha spp.), purple loosestrife (Lythrum salicaria), 
jewelweed (Impatiens capensis), and sedges (Cyperus spp.)  Ten meters away, there is an upland 
area with sparse trees including sugar maple (Acer canadensis), hickory (Carya spp.) and willow 
(Salix spp.) with grass (Poaceae) and herb ground cover (Asteraceae), including Joe-Pye Weed 
(Eupatorium maculatum).  As we probed the depth of this wetland spatially, all locations were 
found to have peaty silt approximately 140-150 cm deep atop sand.   
Columbia County was settled around the mid 17
th
 century with habitations developing 
above the creeks by 1665 (Ellis 1878).  With a long history of navigation, this upper portion of 
the Hudson Estuary has undergone large-scale anthropogenic modification since the early 1800s 
from dredging, dredge-spoil dumping and the formation of dredge-spoil islands (Miller et al. 
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2006, Collins and Miller 2011).  Such modification regulates flow and eliminates large areas of 
shallow water that have moderate velocity.  Findlay et al. (2006) have shown that submerged 
aquatic vegetation communities in this rich shallow water habitat provide many important 
ecosystem services in maintaining high primary productivity and purifying water in the Hudson 
River.   
Methods 
1. Field Sampling  
The top 46 cm of the sediments were sampled at 2-cm intervals by digging a pit and sub-
sampling down from the surface.  Sediment from 46-138 cm was extracted with a modified 
Livingstone piston corer (Wright et al. 1984).  The sediments were sub-sampled contiguously at 
2 cm intervals, and approximately 10 cm
3
 were used for pollen and macrofossil analyses. 
Another subsample was prepared for all chemical analyses by drying at 105ºC and grinding with 
a mortar and pestle, while one quarter of the core was archived.   
2. Lithology 
 Based on visual inspection of color, texture, grain size, grain type, and fiber content the 
sediment core was grouped according to the FAO classification system into different lithology 
types (Jahn et al. 2006).  
3 Loss-On-Ignition (LOI) 
 The dried samples were weighed and placed in a muffle furnace at 375ºC for 8 hours, 
then re-weighed.  The LOI is equal to sample weight lost as a result of combustion relative to the 
initial dry sample weight and is representative of the amount of organic matter in a sediment 
sample (Kalra 1991). 
4. X-Ray Fluorescence Spectroscopy  
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Approximately 3g of dried sediment was analyzed for chemical composition with X-Ray 
Fluorescence spectroscopy (XRF) using Innov-X Alpha series 4000 XRF (Innov-X Systems, 
Woburn, MA,) following protocols detailed in Kenna et al. (2011).  Each analysis included two 
120 second measurements using the soil protocol.  Each sample was first analyzed in standard 
mode (Zn and Pb for this study) and then in Light Element analysis mode (K and Ca for this 
study).   
5. Gamma Ray Spectroscopy 
Approximately 3-6g of dried sediment from the top 60 cm of the core were analyzed at 2-
5-cm intervals for gamma emitting radionuclides.  The gamma counting system was comprised 
of a Canberra HpGe well detector model GCW2022 connected to a multi-channel buffer (Ortec 
model 919 Spectrum Master; 16,384 channels) and a computer running the MAESTRO© multi-
channel analyzer emulation software package (Ortec).  The method is explained in detail in 
Nitsche et al. (2010) and Sritrairat et al. (2012). 
6. Radiocarbon dates 
Identified macrofossils were radiocarbon dated using an Accelerator Mass Spectrometer 
(AMS) at Lawrence Livermore National Laboratory.  Radiocarbon dates were calibrated to 
calendar dates using the CALIB program, version 6.0 of Stuiver and Reimer (1993). 
7. Pollen, Spore, and Charcoal Analysis 
Wet samples (1 cm
3
) were processed for pollen analysis with the standard HCl, HF, and 
acetolysis treatment, along with 7 and 150 μm filtration and centrifugation to extract the pollen 
and spore fraction (Faegri and Iversen 1975).  Samples were spiked with exotic Lycopodium 
spores to calculate pollen and spore concentration.  Samples were mounted in silicone oil.  
Identification was based on pollen identification keys (Faegri and Iversen 1975, Kapp 2000, 
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Finkelstein 2003) as well as an extensive reference collection.   T. angustifolia was separated 
from other Typha species and from Sparganium species based on its morphology and texture 
(Finkelstein 2003).  P. australis pollen was separated from other Poaceae based on its relatively 
small size (Clark and Patterson 1985) and based on collected reference pollen from Hudson 
marshes.  A minimum of 300 identifiable pollen grains for each sample were counted at 400X 
magnification. Pollen percentage was calculated based on the total pollen sum, excluding spores.   
Spore percentages were based on the sum of pollen and spores.  Charcoal pieces larger than 250 
μm2 were counted. Charcoal is presented as charcoal area to total pollen count (charcoal:pollen) 
ratio. 
8. Macrofossil Analysis 
 Five cm
3 aliquots of wet samples were passed through a 500 μm sieve in water.  The 
screened residue larger than 500 μm in size was suspended in water and examined under a 
microscope at 80X magnification. Macrofossils were identified using Peteet’s extensive 
reference seed collection at LDEO and plant identification keys (Fernald 1970, Martin and 
Barkley 1973, Montgomery 1977). 
9. A Comparison with other Hudson River Marshes 
We compared the paleoecological results from Stockport flats with other studies from 
Hudson River Estuarin Research Reserve wetlands (Fig. 2-1) at Piermont North (41º00’N, 
73º55’W, Pederson et al., 2005), Piermont South (Peteet et al., 2007), Tivoli Bays (42º 1.85′N, 
73º 55.30′W, (Sritrairat et al. 2012)) and Iona Island (41º 18′N, 73º 58′W (Peteet et al. 2006, 





Figure 2-2: Lithology and LOI of Stockport Flats.  Inorganic matter increases from 120 - 70 cm and 60 – 0 cm.   Ca parallels inorganic 








Stockport sediment is mostly dark silt and clay with interspersed thin layers of coarser 
material, as shown in Fig. 2-2.  Organic matter content is very low at 2-17% throughout the core.  
There are several  sand layers in the silts and clays.  In the top 55 cm, inorganic matter content 
continuously increases.  Ca is elevated at 115 -70 cm and 45 – 0 cm, paralleling inorganic matter 
content (Fig. 2-2).  K concentration decreases while Ca increases in the top 50 cm (Fig. 2-2), 
indicating a major shift in sediment composition that results in a different sediment density.  
2. Chronology  
The depth to age relationship (Fig. 2-4) at our coring site was constrained using several 
indicators (Fig. 2-3), including collection date,
 
nuclear and industrial metals, Ambrosia pollen, 
and 
14
C.  Distribution profiles of various constituents and lithologic changes suggest a complex 
depositional history.  However, a combination of indicators allows us to place robust constraints 
on specific sections of the cores as follows.   
138 - 120 cm  
At 138 cm, two Carex seeds are dated to 1164 ± 133AD (Lawrence Livermore National 
Lab, lab number 132154.)  At this depth, Ambrosia was absent and started to rise shortly after.  
This confirms that the deposition at 138cm occurred prior to the European settlement.  Ambrosia 
pollen percentage (Fig. 2-5) rose to a maximum at 120 cm, suggesting that the sediment at that 
depth was deposited close to the timing of the European settlement.  Thus, the approximate age 
of 1750 AD of European settlement date on the Hudson River is used as the lower age limit.  Pb 
and Zn were at background level at 120 cm depth (Fig. 2-3).  As these industrial metals are 
associated with anthropogenic activities in the Hudson River (Chillrud et al. 2003, Nitsche et al. 
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2010), the sediment below the 120 cm depth must be deposited before the European settlement 
and before the regional industrialization.  The agreement between Ambrosia pollen and industrial 
metal concentrations suggests that the sediment at 120 cm was likely deposited at 1750 – 1850 
AD.  Based on this age estimation, the sedimentation rate from 138 -120 cm likely ranges from 
0.02 – 0.03 cm/yr.      
 
Figure 2-3: Chronology of Stockport Flats core based on 
137
Cs and total Pb and Zn.  Elevated 
137
Cs activity at 42 cm suggests that the sediment deposits in 1950s- 1960s.  Elevated total Pb 
and Zn above background level at 120 cm and above suggests that the sediment from 120 cm and 
above are deposited after the European settlement. 
 
120 - 42 cm 
Ambrosia pollen rose to a maximum just above 120 cm, while Pb and Zn concentrations 
are elevated from ~110-42 cm.  The concurrence of high Ambrosia percentage and industrial 
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metals suggests that the sediment above 120 cm was deposited shortly after the European 




 century.  In other Hudson River sediment cores, 
Pb is found to be elevated by 1930AD at the latest (Nitsche et al. 2010), and thus 1930AD is 
used as our upper time limit at 110 cm depth.  The interpretation is confirmed by a major 
lithogenic change and inorganic matter content increase at this depth, suggesting major 
anthropogenic landscape change in the watershed (Fig. 2-2).   
 
137
Cs shows a maximum at ~42 cm and sharply drops to below detection at 45 cm (Fig 
3). 
210
Pb profile (not shown) indicates disturbances in this portion of the core.  With such an 
abrupt drop of 
137
Cs below the maximum, there is probably a hiatus at 42 cm and we cannot tie 
the maxima to the peak of global nuclear fallout.  Based on the global nuclear fallout patterns 
(Monetti 1996), elevated 
137
Cs should be present only after 1950 AD.  
137
Cs activity in Hudson 
River cores usually drops from the maxima by 1975 AD (Bopp et al. 1998, Bopp et al. 2002, 
Chillrud et al. 2003, Klingbeil and Sommerfield 2005).  Thus, the elevated 
137
Cs at 42 cm depth 
indicates that the deposition must have occurred between 1950 – 1975AD (Fig.3-4).  Total Pb 
and Zn, which usually reach a maxima in 1970s in Hudson River cores (Chillrud et al. 2003, 
Nitsche et al. 2010), gradually increase from minimal values at the base of the core to reach their 
maximum values at 45 cm (Fig. 2-3), agreeing with this date range.  Based on these age ranges, 
the sedimentation rate from 120 -42 cm is 0.39 – 0.78 cm/year (Fig. 2-4). 
42 - 0 cm 
We collected the core in 2006, and this is the age of the core surface.  In combination 
with the estimated deposition date of 1950 – 1975 AD at 42 cm, the sedimentation rate between 
0 – 42 cm is estimated to be 0.75 – 1.35 cm/yr (Fig. 2-3).  
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Even though the dating and elemental analysis indicates some disturbance and possible 
hiatus in this core, the combination of 
137
Cs, total Pb and total Zn, and the radiocarbon date 
provides a reliable comparison of the timing before and after the European settlement. 
 
Figure 2-4: Depth-Age Relationship and the sedimentation rates at Stockport Flats.  The 
chronology was estimated using a combination of dating indicators including industrial metals, 




3. Organic/Inorganic Content 
Organic matter and inorganic matter content fluctuate throughout the core.  
138 - 120 cm:  
Organic matter content and % organic matter in this zone is significantly lower (0.003 g/cm
3
 and 
1.6% respectively on average, p<0.001, two-tailed t-test) than in other zones.  Inorganic matter 
content (0.21 g/cm
3 




120 – 56 cm:  
On average, there is a significantly higher organic matter content (0.57 g/cm
3
 on average, 
Fig. 2-2) and percent organic (4.8% on average, Fig. 2-5) in this zone than at below 120-cm 
depth, though the interval at  59 -47  cm has significantly lower organic matter content than the 
rest of the core.  Inorganic content doubles above 150-cm depth (Fig. 2-2) which makes the 
inorganic flux highest during the recent century.  However, there was a brief period of abrupt 
inorganic matter reduction at 70-60 cm, concurrent with organic matter reduction (Fig. 2-2.)   
56 – 0 cm:  
Percent organic matter ranges from 3 – 17% in this zone and reaches a maximum of the 
entire core at 40 cm (Fig. 2-5). The average organic matter content of 0.55 g/cm
3
 in this zone is 
comparable to that found between 120 – 56 cm, while % organic matter (7.0 %) is also higher 
than that of the previous zone. After the inorganic matter minima at 60cm in the previous zone, 
organic matter and inorganic matter content gradually rise to reach the same concentration as 
prior to the sharp decline at 61 cm. 
4. Pollen, Spores, and Charcoal Analysis 
The results are plotted in terms of relative percentage as shown in Fig. 2-5.  Pollen 
concentration (not shown) is similar to percentage profiles.  We separated pollen profiles into 
three distinct zones according based on the distribution of major plant species and chronological 
indicators.  These zones include S-1: Poaceae, Pinus, Quercus and Cyperaceae dominance with 
low Ambrosia and weedy species; S-2: Poaceae and Ambrosia dominance with low arboreal 
contribution, and S-3: Pinus, Typha, Poaceae, and Quercus dominance with invasive species. 
Zone S-1: Poaceae-Pinus-Quercus-Cyperaceae (138-120 cm) 
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 Major herbaceous species include Poaceae (40%), Cyperaceae (13%), and two families 
of ferns (Polypodiaceae (20%) and Osmundaceae (8%).  Dominant arboreal pollen are Pinus 
(maximum 20%) and Quercus (up to 15%).  Ambrosia pollen was absent at the bottom of this 
zone, then started to rise at 128 cm.  The charcoal to pollen ratio is very low at the bottom of the 
zone, but gradually increases toward the next zone to reach 250 at the top of the zone. 
Zone S-2: Poaceae-Ambrosia (120-56 cm) 
The percentages and concentration of tree pollen significantly decline.  Percentage of 
Pinus pollen drops from 15% to less than 5% in this zone.  In contrast, the percentage of Poaceae 
(grasses) rises to the maximum of 80%.  Higher percentage of Ambrosia and Asteraceae pollen 
are present.   
Zone S-3: Pinus- Typha-Poaceae-Quercus (56-0 cm) 
Pinus (35%) and Quercus (10-20%) again reach a maximum.  Large size Poaceae drops 
to a substantially lower percentage than that found in zone S-2.  However, a significant amount 
of small Poaceae grains which represent Phragmites australis are found.  Typha angustifolia 
reaches 20% and is relatively high throughout, in contrast to low percentages (less than 2.5%) in 
lower zones.  There is an increase in Betula, Alnus, and Chenopodiaceae.  In the upper 25 cm of 
the core, there is also an increase in mesic species such as Picea and Tsuga.  Invasive species, 
including Lythrum sp., T. angustifolia, and P. australis increase noticeably in the upper 50 cm. 
The wetland community retains the composition of ferns (Osmunda and Polypodiaceae) and 
sedges (Cyperaceae), but at only one-fifth of the pollen concentration found in zone S-1.    
Lythrum salicaria is the only species present at the site today, and therefore the increased 














Figure 2-6. Macrofossils found in Stockport Flat core. Plant parts are seeds in count/5 cm
3






5. Macrofossils and Charcoal  
Macrofossils picked from Stockport Flats core indicate the presence of many genera 
whose pollen were not observed in significant amounts (Fig.6).  Despite high grass pollen 
concentration in zone S-2 and S-3, grass seeds were present only at the 88-cm depth.  While 
Cyperaceae pollen was not observed in high concentration, Carex and other Cyperus seeds are 
present intermittently throughout the core, from the 138-cm depth to the 5-cm depth.  Emergent 
Sagittaria and aquatic Zannichellia seeds are also present intermittently throughout the core.  
Seeds of aquatic Najas flexilis were found in abundant quantity of up to 12 seeds per 5 cm
3
 of 
sediment from 138 – 80 cm.  Its concentration was significantly reduced to 2 seeds/5 cm3 at 
present.  Chara spores and Sagittaria were found in zone S-2 and S-3. Seeds of weedy species, 
such as upland Viola spp., and upland invasive species, including Poaceae, Asteraceae, and 
Polygonum, were found in the uppermost zone.   Maximal charcoal was found in the uppermost 
portion of S-2, but also present in the uppermost recent samples.  Two unknown seeds are 
abundantly present in zone S-2 (an oval seed with dot) and S-3 (black, hirsute 1.5-mm seed).  
Inorganic sand particles areobserved from 80 to 100 cm. 
Discussion 
 The inorganic nature of the sediment along with macrofossils indicates that Stockport 
Flats has been a floodplain and mudflat environment throughout recent history.  Thin coarse sand 
layers between highly inorganic sediment suggest that Stockport likely experiences frequent 
high-energy events, such as floods or manmade disturbances.  Sedimentation may not be 
continuous and the wetland may have experienced seasonal flooding from the beginning of its 
formation.  However, the absence of 
137
Cs and industrial metals below 120 cm (Fig. 2-3) gives a 
robust comparison of the environment before and after the European settlement.  Based on pollen 
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zones, the environmental history of Stockport Flat marsh can be separated into three time 
intervals.    
Pre-European Settlement (~1164 – 1750 AD) 
The absence of Ambrosia pollen, a disturbance indicator plant, along with the AMS date 
suggests that the interval from 138 – 128 cm represents the timing of several centuries prior to 
the European settlement.  The rise of Ambrosia near the top of the zone suggests that the 
transition zone at 120 cm is around the timing of the European settlement.  The sediment during 
this period is characterized by very low organic matter and low density (Fig. 2-2).  The 
sedimentation rate during this period, at 0.02 - 0.03 cm/yr, is far lower than those of more recent 
centuries (Fig. 2-4) which implies low erosional input from upland sites.  The nearby region was 
forested with Quercus and Pinus as dominant arboreal species (Fig.5).  The large (40%) 
percentage of grass pollen suggests open areas nearby, with increased charcoal (Fig. 2-5). 
Charcoal continued to increase as Ambrosia rose, suggesting increased fire frequency and 
possibly warmer temperature or drought.  The 12
th
 century pollen and charcoal record here 
parallels the close of the MWP found in other Hudson marshes (Pederson et al. 2005, Sritrairat et 
al. 2012) and is concurrent with Chesapeake records which suggest drier conditions prior to the 
LIA (Brush 1986, Cronin et al. 2000, Brush 2001, Cronin and Vann 2003, Cronin et al. 2010).  
Tree ring records in the western US have also shown severe drought (Cook et al. 2004).  Thus, 
this Stockport Flats record supports the regional MWP trend. The high percentage of grasses 
observed at Stockport Flats is probably indicative of upland grasses which may have colonized 
the disturbed areas after fire. Ferns (Polypodiaceae and Osmunda) were relatively abundant (Fig. 
2-5), similar to the fern records during the same interval in Hudson Estuary records from 
Piermont Marsh (Pederson et al. 2005) and Tivoli Bays (Sritrairat et al. 2012).  The water table 
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may have been lower during this dry and warm MWP, allowing ferns to colonize mudflats in the 
river near shore.  With projected climate and hydroperiod change of marshes in the Mid-Atlantic 
region (Pitchford et al. 2012), MWP changes at Hudson River marshes may be used as an analog 
of possible future climate change impacts to the marshes, though sea level rise will also modify 
the hydroperiod.   
Abundant Najas flexilis seeds and a Zannichellia seed were found in high concentration 
in this time frame (Fig. 2-6), confirming the local presence of these species. Both species are 
aquatic plants which are typical of shallow water.  Their presence along with the silty lithology 
and low LOI confirm this area of Stockport Flats as a floodplain mudflat environment with 
higher water level about 1,000 years ago at this specific location.  
Zone S-2: European Settlement and Deforestation (~1750 – ~1950 AD ) 
The Ambrosia rise and the shift to fine silty clay at the transitional zone of 120 – 56 cm 
likely indicates the timing of the European settlement in the 18
th
 century that is observed 
throughout the Hudson Valley region (Maenza-Gmelch 1997, Pederson et al. 2005, Sritrairat et 
al. 2012).   
Inorganic matter content (Fig. 2-2) and sand particles in the macrofossil study (Fig. 2-6) 
significantly increased in the upper half of this zone, supporting major land disturbances and 
erosional input into the site.  The sedimentation rate of 0.39 – 1.75 cm/yr is at least 10 times 
higher than the pre-settlement values.  The organic content slightly increased at 90 - 100 cm as 
the setting shifts from a mudflat dominated by the aquatic N. flexilis to a sparse Carex spp. and 
Cyperus spp. marsh environment based on macrofossils.  However, the overall LOI scarcely 
reaches 10%.  The increase in plant matter at the site may be responsible for the in-situ organic 
production of emergent plants that are more productive, contain more biomass and are well-
62 
 
preserved, with upland seeds such as Juniperus and Rubus also present.  N.flexilis gradually 
declines in this zone, indicating drier conditions and mudflat habitat decline as results of the 
increased inorganic input.  At the transition of zone S2 and S3 (56 cm depth) during the early 
20
th
 century, this inorganic matter declines dramatically.  The increased anthropogenic changes 
to the river likely caused the observed sediment dynamics during that time. 
Tree pollen percentage dropped at this time, supporting this regional deforestation.  The 
expansion of Poaceae and Ambrosia concurrent with a decline of trees indicates a more open 
landscape where understory, herbaceous, and disturbance species have an advantage.  Poaceae 
pecentage in this zone (up to 80%) is much higher than any other Hudson River marshes, 
indicating a unique open environment which might result from farming practices in the area.  
Wetland species, including ferns and sedges, were significantly reduced, possibly as a result of 
disturbance or habitat exclusion. 
Hopkinson and Vallino (2011) suggest that channelizing and damming are the two most 
important anthropogenic factors that affect river water, which in turn impact sediment load, 
nutrient dynamics, ecosystem quality, and estuarine services.  Both activities have been very 
common on the Hudson Estuary since the 18
th
 century (Miller et al. 2006, Nitsche et al. 2010, 
Collins and Miller 2011, Nitsche et al. 2011) , and today over 2000 dams are present in the 
Hudson watershed (NYCDEC dam inventory, 2008). In a comparison of Hudson River 
morphology between late 19
th
 century to present, Nitsche et al. (2011) found a significant 
shoreline shift and sediment composition change due to dredging and channel maintenance, 
construction, and shoreline development.  In a comparative study of Hudson River morphology 
1907 to present, Miller et al. (2006) and Collins and Miller (2011) found the most significant 
morphology changes in this stretch of the upper Hudson Estuary during the 20th century.   
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Collins and Miller (2011) suggest that secondary channels have been filled over time where 12 
km
2
 of water area was filled with dredge spoils, altering aquatic habitats into drier habitats.  The 
railroad construction during the mid 19
th
 century may be one of the causes of this disturbance 
that induced higher sediment input.  The U.S. Congress (1904) recorded that during the period of 
1850 – 1904, there were numerous sediment bars throughout this stretch of the river with 
increasing number and severity of heavy sedimentation toward 1904. One of the major bars was 
formed at the mouth of Stockport Creek in 1895 with subsequent dredging during the early 20
th
 
century(Army. Corps of Engineers 1916).  This formation of bars and subsequent dredging 
supports the view of sediment fills and disturbances in this portion of the Estuary as indicated by 
gradual increase in inorganic matter input and species shifts.  A combination of these 
anthropogenic influences can cause wetlands to become more isolated from the river, resulting in 
higher sediment trap from the uplands and lower sediment input from the river (Nitsche et al. 
2011).  Our data, showing the transition from submerged aquatic and mudflat vegetation (i.e. 
Najas) to emergent and terrestrial plants (Carex, Cyperus and Typha) at this Stockport site, 
supports this assertion.  Upriver dams might be one causal reason for a reduced sediment input 
into the marsh in zone S-2 for a period of time.  A historic record suggests a 12-foot dam that 
was operational upriver during the mid to late 19
th
 century (Child 1871).  The federal dam at 
Troy on the Hudson River began to operate by 1916 (Army. Corps of Engineers 1916). These 
dams may overlap with the period of sediment reduction found in this zone.   
Zone S-3: Reforestation and human impacts (~1950 AD – present) 
The sedimentation rate during the most recent century, recorded at 42 – 0 cm depth (0.75 
– 1.35 cm/yr), at Stockport is at least 25 times greater than that of the pre-European settlement 
period.  This rate of marsh accretion of at least 0.75 cm/yr during the recent centuries (Fig. 2-2) 
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is higher than that of current sea level rise rate of 0.33 ± 0.04 cm/yr in 1993-2009 (Nicholls and 
Cazenave 2010).  The accretion rate at Stockport in this zone also falls within the range observed 
for sedimentation rates in a large variety of tidal freshwater marshes (Neubauer 2008).  Increase 
in inorganic matter input (Fig. 2-2) from land erosion, development, and dredging likely 
contribute to this significant rise in marsh accretion rate.  Increasing Ca might be due to higher 
erosional input from local limestone in the Catskills region and the Mohawk River.  Construction 
waste and erosion may also cause this Ca increase.  Subsequent marsh vegetation colonization 
likely contributes to higher organic matter content observed (Fig. 2-2), leading to the maximum 
of percent organic matter observed in this zone.  LOI slightly fluctuates in this zone, but it has a 
decreasing trend over the last 40 years as inorganic matter input continues to rise (Fig. 2-2).  The 
ecosystem shift from a mudflat towards more productive marsh plants is known to increase 
accretion rate (Neubauer 2008).     
Similar to other reforestation paleorecords from regional marsh and upland sites, Pinus 
and Quercus recover and become the two dominant arboreal species. Betula, Alnus, and 
Chenopodiaceae all expand, as they are early successional species which respond quickly to 
forest clearance. A decline in grass abundance supports the reforestation.  In the upper 25 cm of 
the core, there is also an increase in mesic species such as Picea and Tsuga. The percent of Pinus 
pollen near the top of the core is unusually high compared with more southern Hudson marsh 
sites such as Piermont and Tivoli (Pederson et al. 2005, Sritrairat et al. 2012).  A study of 
modern vegetation in this area shows that there is a high-elevation area with pine abundance to 
the west which might be the wind-blown, long-distance transport source of Pinus pollen. Tsuga 
pollen has recovered to its pre-European representation in the last few decades at Stockport (Fig. 
2-5).  Historical records indicate that the Catskills region, just 10 miles south of Stockport, was a 
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center for the tanning industry (McIntosh 1972).  In the Catskill Mountain area where settlement 
did not start until the early 19
th
 century, surveyors recorded more than 20% T. canadensis prior 
to the initial logging (McIntosh 1972), giving a baseline of what the forest might have been like 
without human perturbation.  The tanning industry began in the 1700s and peaked in the mid 
1800s, concurrent with a decline in T. canadensis at Stockport.  As a coastal locale, Stockport 
would have been a convenient source for this tree.   Recently, regional hemlock has been 
declining due to the hemlock wooly adelgid (Adelges tsugae) invasion (Orwig and Foster 1998).  
Yet, there is still an old stand of Tsuga along the river bank in this region of the Hudson River 
that is partially responsible for the pollen profile.  Though some Hudson River sites do not 
observe a T. canadensis recovery (Pederson et al. 2005), other New England sites northward find 
an increase in T. canadensis that has been observed as a result of replanting coupled with the 
decline in logging during recent decades (Orwig and Foster 1998, McLachlan et al. 2000). 
Based on the record spanning almost a millennium, invasive species expansion is clearly 
anthropogenic, as many species were not present or were present at low percentages prior to the 
European settlement.  Species such as Phragmites australis, Typha angustifolia, and Lythrum 
salicaria are much more abundant in the upper 50 cm in comparison with other zones.  T. 
angustifolia and P. australis expansion have been observed throughout the Mid-Atlantic region 
of North America (Finkelstein et al. 2005, Rippke et al. 2010) and have been linked to 
eutrophication (Vaithiyanathan and Richardson 1999, Tanaka et al. 2004).  Significant increase 
of agricultural and sewage input to the Hudson Estuary during the last century has caused 
eutrophication in the estuary (Howarth et al. 1996), concurrent with the expansion of these 
invasive species.  At Tivoli Bays, a Hudson river marsh 20 miles south of the Stockport site, 
nitrogen isotopic analysis shows nutrient increase and eutrophication, concurrent with the rise of 
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T. angustifolia and P. australis (Sritrairat et al. 2012). Increasing eutrophication in other 
estuaries in the Mid-Atlantic region, such as in the Chesapeake Bay, is well known (Cooper and 
Brush 1993, Bopp et al. 1998, Cronin and Vann 2003).  The trend of nitrogen increase follows 
that of US nitrogen fertilizer consumption, which increased from 0 tg/yr in the 1940’s (Vitousek 
et al. 1997) to 2.74 tg/yr in 1960 to 13.2 tg/yr in 2007 (Erseus 2008).  
Small grain Poaceae is likely P.australis.  Its pollen was observed prior to the European 
settlement indicating that it is native.  This finding is supported by Orson et al (1987)  who found 
that P. australis was native to North America for at least 3,000 years based upon rhizome 
identification.  Its aggressive invasion over the last 150 years is attributed to of the introduction 
of a more aggressive hybrid strain from Eurasia during the early 19
th
 century (Saltonstall 2002).  
By DNA sequencing of herbarium collections, the imprint of the introduced strain was shown to 
be present in the Mid-Atlantic region before 1910.  Since 1940, only the hybrid strain has been 
identified (Saltonstall 2002). 
The timing of the T. angustifolia expansion in the last 50-100 years has been found to 
parallel its signature in the Hackensack Meadowlands and Iona Marsh (Peteet et al. 2011), 
Piermont Marsh (Pederson et al. 2005) and Tivoli Bays (Sritrairat et al. 2012).  Sritrairat et al. 
(2012) showed a concurrence of the expansion of T. angustifolia with increasing nutrients in the 
watershed from waste water input and agricultural runoff, which is not suprising as Typha spp. is 
known to thrive in eutrophic conditions.  Similar to this study, Shih and Finkelstein (2008)’s  
compilation of pollen records from North America indicate that 35 out of 45 sites in North 
America showed an increase in T. angustifolia (Typha/Sparganium monads pollen type) in the 
past 1000 years and concluded that Typha spp. has high invasiveness in North America.   T. 
angustifolia and T. x glauca are considered to be prominent species in North American wetlands 
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and are often regarded as weedy, unwanted or invasive with negative impacts on the ecosystem 
(Grace and Harrison 1986, Houlahan and Findlay 2004, Shih and Finkelstein 2008, Rippke et al. 
2010). Monoculture development of these species is found to reduce plant diversity (Houlahan 
and Findlay 2004).   
Ferns and sedges (Cyperaceae) were found at concentrations more than five times lower 
than those found in the pre-European settlement period. Though we observe a slight increase in 
their percentage after Stockport Flats was protected as a National Estuarine Research Reserve 
site in 1982, these native species have not recovered to the level of the pre-European settlement 
period.  Impatiens has become a recent major component of wetland flora, and its seeds are 
present in these uppermost sediments, along with an abundant, unknown hirsute small seed (1.5 
mm), Fig. 2-6. Spreading of disturbance and weedy species into the marsh is confirmed by the 
presence of Poaceae, Asteraceae, Polygonum, and Violaceae seeds, again implying deforestation 
and human introduction of these species. A significant increase in sedimentation rate and 
inorganic matter content (Fig. 2-2 and Fig. 2-4) suggests a lower or fluctuating water table.  
Drier conditions with more disturbances would favor an expansion of these weedy species 
(Fernald 1970).  Increased sedimentation rate may aid the development of mixed tidal wetland 
species as we observe the occurrence of aquatic Chara and emergent Sagittaria.   Macrofossil 
charcoal increases in the uppermost sediments, but overall the small fraction charcoal 
concentration is low compared with the remainder of the core.  
Paleoecology of the Lower and Mid-Hudson Valley of the last Millennium 
Fresh water marsh Stockport Flats has quite similar vegetation to that of Tivoli (Sritrairat 
et al. 2012). In the lower Hudson, Piermont marsh and Iona Island are brackish marshes with an 
average salinity of 7 and 3.5 psu, respectively, with different modern vegetation, including 
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mixed Spartina, Typha and Cyperaceae.  Despite differences in habitat and plant composition, 
major vegetational shifts at all sites are due to anthropogenic change after the European 
settlement in all of the pollen and spore profiles. 
Occurrence of the MWP is marked by high charcoal counts and increases in warmer, 
drier taxa such as Pinus and Carya at Piermont (Pederson et al. 2005), Iona Island (Peteet et al. 
2006, Peteet et al. 2011), Tivoli (Sritrairat et al. 2012) and Stockport (this study), confirming the 
regional nature of the event.  This interval coincides with the increase of ferns at all four sites 
due to an expansion of the mudflat habitat as water level lowered.  
Swaney et al. (2006) suggested  that land clearing and logging of many regions along the 
river took place early in the settlement era, which would explain pollen evidence for arboreal 
decline at all sites.  By1880, 68% of the Hudson watershed was farmland, but it has been 
reforested to about approximately 70% by the 1990s.  This would explain the rise of tree species 
at all sites, though the region has certainly not recovered its pre-European character.   The 
decline of native wetland species and the expansion of invasive species, such as Phragmites 
australia and Typha angustifolia, has accelerated during the last century and appears to be due to 
anthropogenic causes, such as land disturbances, habitat modification, invasive species 
introduction and nutrient dynamic changes as supported by the timing of such events in other 
records (Pederson et al. 2005, Peteet et al. 2011, Sritrairat et al. 2012).  
While Stockport Flats marsh experienced increased carbon sequestration, with 10% 
organic matter preserved in the upper 50 cm of the sediment, after its transformation from a 
mudflat to an emergent marsh, the concentration of organic carbon sequestered here is much 
lower than found in other Hudson NERR tidal marshes.  Tivoli, Iona and Piermont (Pederson et 
al. 2005, Peteet et al. 2006, Sritrairat et al. 2012) have organic matter concentrations of 20-80%. 
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The evolution of this site from a mudflat to a shallow marsh reveals Stockport’s increasing 
carbon sequestration rate through time, though the site has minimal carbon storage capacity in 
comparison to other protected sites downriver.  The extensive disturbance history has resulted in 
reduced ecosystem services through time.   
Conclusions 
The Stockport paleorecord demonstrates the enormous anthropogenic impact of European 
settlement and subsequent continuous disturbance on the ecosystem at a National Estuarine 
Research Reserve site.  Stockport Flats was a mudflat 1000 years ago, and developed into a tidal 
marsh during recent centuries because of anthropogenic impacts.  Major upland forest 
composition near Stockport Flats included Quercus and Pinus as well as Carya, Tsuga and 
Betula prior to the European settlement.  Local mudflat aquatic vegetation (Najas flexilis and 
Zanichellia) grew in a dynamic floodplain environment, which shifted to emergent vegetation 
(Sagittaria spp and Cyperaceae) over time.  Sedimentation rate at Stockport Flats during the last 
two centuries (0.39 – 1.75 cm/yr) is 10-87 times higher than the pre-settlement period (0.02 – 
0.03 cm/yr) and is higher than the average sea level rise value of 0.33 cm/yr.  Much higher 
inorganic input implies that human disturbances cause the area to fill up with sediments, 
supporting the invasion of emergent and woody species.   Invasive species including Phragmites 
australis, Typha angustifolia, Lythrum salicaria, Impatiens capensis, all increased during the last 
50-100 years and are linked to sedimentation increases as well as eutrophication in the estuary.  
While forest composition has partially recovered to the conditions of the pre-European 
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Sediment Composition and Industrial Metal Distribution along the Salinity Gradient of the 
Hudson Estuary 
Abstract 
In intensely modified urban estuaries, such as the Hudson River estuary, significant 
anthropogenic impacts such as land clearing, channel modification, contaminant release, and 
fertilizer input have led to the destruction of estuarine ecosystems.  One important determining 
factor that influences the health of the estuary is the sediment composition which is closely tied 
to the hydrology, primary productivity, wetland structure, and the fate of contaminants.  As 
efforts to restore the estuarine ecosystems expand, it is important to understand the baseline and 
long-term trends of the sediment composition in order to restore both structure and function.  
This study aims to provide the baseline information of sediment composition in various 
environmental settings, from fresh, brackish and salt marshes to deltas of major tributaries of the 
Hudson estuary and to determine anthropogenic influence on the sediment.   
Vegetation cover, hydrology, geology, and site location all play an important role in 
determining sediment composition (Howarth et al. 1991, Wall et al. 2008, Chen and Torres 
2012).  In order to identify the influence of environmental conditions on estuarine sediment 
composition and to understand the patterns of regional sediment composition change as a result 
of anthropogenic activities in the Hudson estuary, we investigate the chemical composition of 
marsh and delta sediments at 20 locations.  The sampling sites extend from the estuarine head in 
Troy, NY to the mouth in New York harbor, providing a detailed view of the changes from 
upriver to the sea in various vegetational and hydrological regimes.  The concentrations of 13 
elements (K, Ca, Ti, Cr, Mn, Fe, Cu, Zn, Br, Rb, Sr, Zr, and Pb) are quantified using a field 
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portable Energy Dispersive X-Ray Fluorescence spectrometer and compared with organic matter 
content based on Loss-on-Ignition (LOI) analysis.  We compare and contrast sediment 
composition in 1) old wetlands vs. recent wetlands and deltas, and 2) pre-industrialization 
samples vs. post-industrialization samples.  
Prior to significant anthropogenic activities, we found terrigenous elements reflect the 
amount of inorganic matter content in the sediment and is inversely related to LOI.  As expected, 
old wetlands have higher LOI (average 24%) compared with recent wetlands and deltas (10%).  
In turn, K, Ti, Mn, Fe, Cu, Zn, Rb, Zr, and Pb are lower in old wetlands than in deltas as organic 
matter dilutes the signal.  The background Pb levels in all sediments range from 8 – 80 ppm 
which are much broader than the commonly used crustal values of 20 – 25 ppm.  Thus, it is 
important to identify the background contaminant level at each site separately in order to fully 
calculate anthropogenic input of those metals.  The normalization of Pb concentration by 
inorganic matter content suggests that the inorganic matter phase is the main contributor of Pb in 
the sediment.   
Sediment chemical composition indicates higher concentrations of K, Ti, Rb, Ca, and Zr 
after the early 20
th
 century at most sites which is a result of increasing erosion from land-use 
changes. Erosion of sedimentary rocks upstream increases Ca and Sr concentrations in the 
Mohawk River and Troy. The most striking change is the increase of industrial metal 
concentrations from anthropogenic inputs.  Pb, Zn, Cu, Cr, Fe, and Mn have all increased in the 
recent century, but up to 380 times of the concentrations expected in continental crust.  Sites with 
the highest metal inventories are New York City, Kingston, and Poughkeepsie, where over 50% 
of the samples have Pb, Zn, Cu or Cr concentrations above the Effective Range Medium health 
standard recommended by Long et al (1995) or above the EPA soil screening values.  Comparing 
79 
 
with the stricter Netherlands soil target values which aim to fully restore ecosystem function, 
over 80% of these samples have Pb, Zn, Cu and/or Cr exceeding the recommendation.  The 
baseline composition and trends of sediment composition change provide the needed information 
to improve future restoration efforts to target the restoration of ecosystem function as well as 
structure.  The comparison of various environmental standards raises the question of what target 
values are appropriate for ecosystem restorations. Restoration projects also need to take into 
account the possibility of contaminant redistribution.  Special attention needs to be given to the 
stabilization of industrial metals in the sediment as well as to restore and conserve old wetlands 














The Hudson River estuary has been intensely impacted by anthropogenic activities for 
hundreds of years.  Human activities have had numerous adverse effects on physical and 
biological components of the estuary (Fig. 3-1).  Land clearing, deforestation, dredging and 
channel modification occurred extensively since the European settlement in the 17
th
 century 
(Swaney et al. 1996, Miller et al. 2006, Wall et al. 2008, Collins and Miller 2011).  Over 50% of 
the Hudson River wetlands have been destroyed since the European settlement (NYSDEC 2006) 
from draining and land conversion.  Many invasive species, including common reed (Phragmites 
australis), water chestnut (Trapa natans), and zebra mussels (Dreissena polymorpha) have 
rapidly expanded (Pederson et al. 2005, McGlynn 2009, Peteet et al. 2011, NYSDEC 2012, 
Sritrairat et al. 2012).  The release of contaminants, including toxic metals, organic pollutants, 
and fertilizers, has been common throughout the estuary (Howarth et al. 1991, Hirschberg et al. 
1996, Howarth et al. 1996, Benoit et al. 1999, Sanudo-Wilhelmy and Gill 1999, Caraco et al. 
2000, Feng et al. 2002, Bopp et al. 2006, Beck and Sanudo-Wilhelmy 2007, Nguyen and Peteet 
2010).  At the same time these anthropogenic activities continue to impact the estuary in the 
aforementioned ways, climate change and the associated sea level rise is also expected to 
intensify environmental degradation of the estuary. 
These anthropogenic activities have resulted in the degradation of both the function and 
structure of the estuarine environment. Channel modification and land erosion leads to increased 
sedimentation rates and altered sediment composition (Swaney et al. 1996, Miller et al. 2006).  
Elevated contaminant levels strongly affect the health of flora and fauna, including humans, 
within the estuary.  Invasive species expansion, native species disappearance, and the formation 
of monoculture vegetation occurs as a consequence of wetland destruction (Hellings and 
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Gallagher 1992, Saltonstall 2002, Pederson et al. 2005, Christensen et al. 2007).  The important 
carbon storage function of old wetland peat is lost.  All of these degradations are directly or 
indirectly related to sediment composition alteration. 
 
Figure 3-1: Anthropogenic and climatic threats to an estuary.  Since the European settlement 
period in the 16
th
 century, deforestation, land clearing, infrastructure construction, channel 
dredging, and agricultural activities have significantly modified the landscape and sedimentation 
patterns of Northeastern United State estuaries, such as the Hudson River.  Consequent sewage 
input, contamination release, agricultural runoff, over fishing, and the introduction of invasive 




Therefore, the alteration of sediment composition and quantity poses a threat to estuarine 
systems because sediment composition impacts various components of the ecosystem. Increases 
in erosion and sedimentation rates hinder river transportation (Miller et al. 2006, Collins and 
Miller 2011).  Elevated sedimentation rates ultimately alter wetland hydrology and 
biogeochemistry.  Native vegetation, wetland structure, diversity, fauna and fisheries, and carbon 
sequestration have all been shown to change as a consequence of increased sedimentation 
(Templer et al. 1998, Pederson et al. 2005, Sritrairat et al. 2012).  Increased contaminant levels 
and the fate of contaminants have long been causing concerns about water quality, ecosystem 
health, and human wellbeing.  These impacts from sedimentation change also have negative 
consequences for the economy.  For example, NY and NJ have spent at least 55 – 66 million 
USD a year for dredging and sediment management in New York Harbor alone (USACOE 
2011).  The economic loss from invasive species in the Hudson River has been estimated to be 
over 400 million USD annually (Pimentel 2005).  Fisheries have steadily declined in the last 
century (Daniels et al. 2011).  It is also costly and difficult to control the contaminants (EPA 
1989, NYSDEC 2006).  With so much at stake, it is imperative to utilize proper environmental 
management to mitigate the damage.  To do this, management plans need to take sediment 
composition into account.     
Estuarine ecosystem restoration, the act of renewing and fixing damaged, degraded, and 
destroyed ecosystems and habitats, has received more attention in recent times.  The increasing 
restoration efforts are the results of a new understanding of the importance of healthy ecosystems 
to human and global sustainability.  Within the Hudson estuary, the presence of various super-
fund sites (EPA 1989, Mugdan 2012) garners a lot of public attention.  With increasing 
awareness about environmental problems, new legislations, such as the Clean Water Act, were 
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established and helped to further environmental restoration and conservation efforts.  Various 
governmental and private agencies such as the New York State Department of Environmental 
Conservation, the National Estuarine Research Reserves, and the Hudson River Foundation are 
attempting to restore and manage the estuary.  However, estuarine restoration is complicated 
because it involves many factors, including biological, hydrological, sedimentological, and 
anthropogenic influences.  Each factor is heterogeneously distributed and is difficult to predict.  
In addition, current guidelines for environmental restoration and environmental contaminant 
control are vague (Ehrenfeld 2000, Provoost et al. 2006).  The guidelines are subjective, 
dependent on the interpretation and goals of local agencies.   
In addition to its complex nature, the estuarine restoration process is constrained by the 
lack of information, cost, and the targeting of specific goals which are not always based on the 
most ecologically-sound approach.  For example, the idea of using dredged materials for marsh 
restorations (Yozzo et al. 2004) is attractive because it makes use of a waste material and is 
inexpensive to do.   However, dredge spoils have lower organic matter content and are coarser 
than natural marsh sediment, so the habitat restoration will not yield wetlands with the same 
functions that they used to provide.  The Foundry Cove super-fund site is an example of a project 
that targeted contaminant removal rather than the restoration of wetland function.  The organic-
rich sediment was dredged to remove Cd contamination and was replaced with coarse, inorganic 
material due to its availability and its ability to  bind to the remaining Cd (EPA 1989). The 
contaminants were successfully removed, but vegetation and habitat structures took a long time 
to recover from the dredging and today are not comparable to natural marsh.  
Based on current restoration projects, such as the dredging of the Upper Hudson River to 
remove PCBs or the establishment of restoration guidelines for Hudson River wetlands, 
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additional information is necessary to improve the methodology (NYSDEC 2006, Mugdan 2012, 
NYSDEC 2012b). It is necessary to expand our knowledge regarding sediment characteristics, 
sediment interactions with the ecosystems, and the condition of a habitat prior to anthropogenic 
impacts.  Three of the main goals of the NYS Contaminant Assessment and Reduction Project 
are to identify contaminated sediments, to assess ambient contaminant levels and loadings, and 
to develop mass balances for metal contaminants (Litten 2003).  Currently, such information is 
lacking (NYSDEC 2006, 2012a, b).   Long-term historic records are only available for limited 
time intervals in recent history.   Limited funding also results in a limited number of study sites 
and types of monitoring along the estuary.  
In order to successfully restore important estuarine habitats, it is necessary to fill in the 
missing information regarding the effects of biological, physical, and anthropogenic 
environmental factors on sediment composition.  This study will examine sediment composition, 
including organic matter content, chemical composition, and industrial metal concentrations 
across the salinity gradient of the Hudson estuary to provide baseline and long-term trends of 
sediment composition in the estuary as a guideline for future restoration.  The comparison of 
samples from the pre-industrialization period to present will shed light on the effects of 
anthropogenic activities on sediment composition.  The study will answer the following 
questions: 1) how do biological and physical parameters impact sediment composition? 2) What 
is the long-term variation of sediment composition along a salinity gradient of the estuary?  3) 
What were the pre-industrial conditions of Hudson River sediment and how have they changed 
through time as a result of anthropogenic activities?  4) What is the history of industrial 
contaminant levels in the sediment?  5)  How do contamination levels in the sediment compare to 
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various environmental regulations?  The pre-anthropogenic sediment conditions and background 
contaminant levels can serve as guidelines for future restoration. 
Background 
The study focuses on the Hudson River estuary in the Mid-Atlantic United States.  The 
watershed drains from NY, VT, MA, CT, and NJ and reaches millions of people.  The stretch of 
the estuary is 240 km long with 2-m semi-diurnal tide cycles, from Troy, NY to New York 
Harbor (Abood 1974).  Salt intrusion (defined as a salt concentration of 0.1 psu) typically 
reaches up to the Newburgh area in dry conditions.  Discharge in the estuary is variable 
throughout the year, from 100 to over 1500 m
3
/s (Geyer et al. 2000).  There are various 
tributaries along the estuary.  The Mohawk and the Upper Hudson deliver the most discharge, 
providing more than half of the discharge and sediment that feeds into the estuary (Swaney et al. 
1996).  The geology of the Hudson estuary is complex with mixed sedimentary, metamorphic, 
and basaltic types (Isachsen et al. 2000).      
The Hudson River watershed has been subject to intense anthropogenic modification 
throughout its history.  Major degradation has been observed, starting from the time of the 
European settlement in the 17
th
 century.  Subsequent deforestation , urbanization, and landscape 
modification along the estuary has significantly changed the morphology, sedimentation patterns, 
and vegetation types (Maenza-Gmelch 1997, Pederson et al. 2005, Miller et al. 2006, Collins and 
Miller 2011, Peteet et al. 2011, Sritrairat et al. 2012).  These modifications resulted in the loss of 
the habitat that was important for fisheries, wildlife sanctuary, and storm buffering.  High 
amounts of industrialized chemicals were released into the estuary during and after 
industrialization.  With the reduction of global leaded gasoline, stricter environmental control, 
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such as the Clean Water Act, industrial metal contaminants have been declining since the 1970s.   
However, old, contaminated sediment remains a major contaminant source into the estuary at 
present (Sanudo-Wilhelmy and Gill 1999, Feng et al. 2002, NYSDEC 2006).   
Study Sites 
Sampling took place at 20 locations along the salinity gradient of the Hudson estuary 
(Fig. 3-2).  At some locations, multiple cores were taken.  Among all sampling sites, the salinity 
ranges from 0 to 35 psu, resulting in several types of vegetation cover, from freshwater to salt 
marshes.  At freshwater sites, Typha spp., Phragmites australis, Sagittaria spp., Trapa natans, 
Poaceae, and Asteraceae are common.  Salt-tolerant plants, including Spartina alterniflora, 
Spartina patens, and Distichilis spicata, dominate salt marshes and are still visible in some 
brackish marshes.  Each of the tributaries provides variable amounts of discharge, and each 
tributary cuts through various types of bedrock (Table 3-1). 
Methods 
Sampling 
Eight existing cores from prior paleoclimate studies and 22 new cores were used in this 
study.  Sediment cores were taken with a Dachnowski and/or Livingston corer at the sites 
denoted on Fig. 1 (Table 3-2).  The sediment cores were further subsampled and processed. New 
cores were sampled at 1-cm intervals every 5-10 cm. Existing cores were sampled at 1-4-cm 
intervals.  Detailed information of sediment length and sub-sampling intervals are listed in Table 
3-2.  Samples were either oven-dried at 105ºC or freeze-dried for 24 – 48 hours and then 




Figure 3-2: Overview map of study sites in the Hudson River watershed (dotted line).  
Study sites (circles) consist of fresh (blue), brackish (purple), to salty (red) environments from 
Troy to New York Harbor.  The sites include four National Estuarine Research Reserves at 













Vegetation cover at each site was estimated based on visual inspection of vegetation 
within a meter square quadrat centered at the coring location.  Major species were identified and 
their percent coverage within the quadrat was estimated (Cain and Castro 1959).  Total 
vegetation density at each site is categorized into high (70 – 100%), medium (30 – 70%), low 
(below 30%) vegetation cover. 
Lithology and LOI 
Sediment type, bulk density, and organic matter were quantified for each sample.    
Sediment lithology was classified based on visual inspection of texture and color.  The naming of 
soil texture follows the USDA coding system  (NRCS 1996) based on grain size and color 
(article 618).  Texture class is based on the estimated percentage and coarseness of clay, silt, and 
sand in the sediment.  The texture identifier is used to indicate the color and organic matter 
content in the sediment.  Samples of known volume (1 – 2 cc) were used in the quantification of 
dry bulk density and Loss-On-Ignition (LOI).  Dry bulk density is calculated from dry weight per 
volume. LOI is used as an indicator of organic matter content (Wang et al. 1996), where LOI is 
equal to sample weight lost as a result of combustion relative to the initial dry sample weight.  
The dried samples were weighed and placed in a muffle furnace.  The content was burned at 
375ºC for 8 hours (Dean 1974, Kalra 1991, Wang et al. 1996)).   
 X-Ray Fluorescence Spectroscopy 
X-Ray Fluorescence Spectroscopy was used to quantify chemical composition of the 
sediment.  Approximately 3 grams of each dry sample was analyzed for chemical composition 
with a field portable X-Ray Fluorescence spectroscope (FP-XRF) using an Innov-X Alpha series 
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4000 XRF (Innov-X Olympus Systems, Woburn, MA,) following protocols detailed in Kenna et 
al (2011).  Each sample was first analyzed in standard mode and then in Light Element analysis 
mode.  
Statistical Analyses 
Samples were grouped by ecosystem type and by age for comparison.  Pearson’s 
correlation and student t-test were used to compare samples from two time intervals, and to 
compare samples from different environmental settings (Press et al. 1992).  As a data reduction 
technique, elemental standardized concentrations were analyzed using a rotated Principle 
Component Analysis (PCA) using MatlabR2011a (MathWorks, Inc., Natick, MA, USA).  PCA 
analysis was computed for 1) pre-industrialization samples and 2) post-industrialization samples.  
 Inventory calculation 
Following the method described by Appleby (2001), we assume a linear change in 
concentrations and bulk densities between sampling depths.  Cumulative mass mn above the 
sediments of depth xn is calculated based on dry bulk density estimates (dry mass per volume), 
following the trapezium rule described by Appleby (2001): 
𝑚𝑛 = 𝑚𝑛−1 +  
(𝑠𝑛+𝑠𝑛−1)(𝑥𝑛+𝑥𝑛−1)
2
                             -------[Eq. 3-1] 
Where: 
x1, x2, …, xn denote mid-point depths of core sections with dry bulk densities of s1, s2,…, sn. 
Cumulative inventory above a sediment section xn is then calculated based on  
𝐴𝑛 = 𝐴𝑛−1 +  
(𝐶𝑛+ 𝐶𝑛−1)(𝑚𝑛− 𝑚𝑛−1)
2




𝐴𝑛  is the cumulative inventory (g/cm
2
) in section n and above.  C1, C2, …, Cn are the 
background-corrected measured concentrations of the metal of interest in g/g (ppm).  m1, m2, 
…, mn are the cumulative masses at each depth, calculated from average bulk density at the two 
depths multiplied by the length of the section.  Our measured concentrations were background-
corrected to identify the level of anthropogenic contribution of the element. 
Enrichment Factor Analysis:  
Enrichment factor (EF) analysis was used to determine the influence of anthropogenic 
metal additions (Weiss et al. 1999, Gao et al. 2002).  The crustal enrichment factor analysis is 
commonly used to relate actual concentration of industrial metals to the expected crustal 
concentration to evaluate anthropogenic contribution.    
Enrichment Factor is defined as,   
                                                       EF, crust,x = (X/Y)sample/(X/Y)crust                               ---------    [Eq. 3-3] 
Where: 
(X/Y)crust is the average value of X:Y ratio in the crust.    
 If EFcrust,x approaches 1, then it is likely that element X derives from a crustal source.  
If EFcrust,x is >5 or higher, then there is an additional source of that element, given the variation 
in soil composition (Gao et al. 2002).  Crustal values used in this study are based on a global 





Results and Discussion  
Overview 
The results will be presented in detail in four sections.  Section 1 discusses the method 
used to classify samples.  Samples were separated based on the structure of the site, LOI, 
vegetation, and peat depth.  Samples were also separated based on the age of the sediment.  
Thus, sediment chronology, including background Pb correction, will be discussed as a method 
to separate samples into the pre and post-industrialization period.  Section 2 compares sediment 
composition changes by latitude along the salinity gradient in two time scales.  First, we discuss 
the overall trend of sediment composition variability along the salinity transect to investigate the 
effects of biological and physical parameters on sediment compositions in the top 1-m.  The 
discussion highlights the distinction between the chemical composition of old wetlands and 
deltas/recent wetlands.  The latter part of Section 2 investigates sediment composition changes as 
a result of major anthropogenic impacts in the post-industrialization period after European 
settlement.  This section discusses how anthropogenic activities influence the changes observed 
for each type of element. The different trends observed in wetlands, deltas, and recent wetlands 
are highlighted.  Section 3 provides a detailed analysis of the post-industrialization trend of 
industrial metals, including Pb, Zn, Cu and Cr.  Industrial metal inventory and distribution along 
the estuary are quantified.  We also compare industrial metal contamination levels in the Hudson 
River to common environmental guidelines to provide a public health perspective. Section 4 
provides an integration of the information from this study with the issue of Hudson River 
restoration.  This last section discusses how the baseline information and the trends of sediment 
composition changes might be used in estuarine restoration.   
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Section 1: Sample Classification 
1. 1 Site Classification 
We established a classification system based on peat depth, the historic/paleoecological 
information, and vegetation cover.  Sediment core lengths are from 10 – 1300 cm (Table 3-2), 
though we only examine up to the top 2 m of each core.  There are 22 cores that are at least 100-
cm long and 8 short cores that are shorter than 20 cm.  Longer cores are associated with marshes, 
as shown on Table 3-2.  The estimation of vegetation cover is sufficient to distinguish the sites as 
all marsh sites have high (>70%) vegetation and all delta sites have medium or low vegetation 
(<70%).  While these parameters vary from site to site, the sites can be grouped into three types 
of environmental settings: 1) old wetlands, 2) recent wetlands, and 3) deltas.   
For this study, old wetlands are the tidal marshes with high vegetation cover (>75%), 
greater than 2-m of peat depth, and have a historic map or a paleoecological record that supports 
its presence prior to the 17
th
 century.  Five sites are previously known to have >2m peat depth 
from previous studies, including Iona (Chou and Peteet. 2010), Piermont (Pederson et al. 2005), 
and Saw Mill Creek (Peteet et al. 2006).  Three additional marsh cores were found to have > 2 m 
peat depth, totaling eight old wetlands sites.  Recent wetlands are those that have high vegetation 
cover (>75%), but the organic-rich fibrous content only appears in the top 30 cm or less.  Three 
sites are categorized as recent wetlands.  Samples that are characterized as deltas are have less 
than 75% vegetation cover with low organic matter content and shallow peat depth.   Eight of the 
sites with >1-m cores and one site with 10-cm core (Troy) from this study are considered as 
deltas.  As tributaries exist near some wetland sites, 5 additional short cores were taken from low 





















08 Mohawk RC1 42.7679 -73.7025 97 10 11 40% cover, sparse grasses 3 60
08 Mohawk RC3 
- RC4
42.7679 -73.7025 20 5 6 <20% cover, sparse grasses 3 N/A
Troy Green Island 
Dam
42.7452 -73.6864 10 5 3 <10% cover, sparse grasses 3 N/A
09 Mill Creek 
RC1
42.6392 -73.7477 62 10 7 50% cover, grasses 3 N/A
09 Papscanee 
RC01
42.5880 -73.7532 100 10 11





42.2931 -73.7733 130 10 16





42.2931 -73.7733 10 10 2 <10% cover 3 N/A
08 Catskill RC01 42.2142 -73.8616 100 10 11 40%, sparse grasses 3 N/A
08 Catskill 
Creeks
42.2142 -73.8616 10 10 2 <10% cover 3 N/A
08 Esopus RC01 42.0713 -73.9318 100 10 11
40% cover, grasses and 
sedges
3 90
08 Esopus Creek 42.0713 -73.9318 10 10 2 <10% cover 3 N/A
* Habitat type 1 = Old wetlands, 2 = recent wetlands, and 3 = deltas




















07 Tivoli RC-01 42.0409 -73.9207 100 10 11
85% cover, sedges, 
arrowhead, impatiens, cattails
1 50
07 Tivoli RC02 42.0409 -73.9207 100 10 1
100% cover, dense cattails, 
Phragmites, arrowhead
1 50
07 Tivoli RC03 42.0337 -73.9162 100 10 11





42.0427 -73.9342 5 5 1
100% cover with Trapa 
natans, under water
3 N/A
08 Little Sawkill 42.0410 -73.9203 5 5 1 0% cover, rocky creek 3 N/A
08 Rondout RC1 41.9190 -73.9810 98 10 11 20% sparse grasses 3 70
08 Rondout 2 41.9190 -73.9810 10 5 2 10% sparse grasses 3 N/A
09 Norrie Point 
RC1 
41.8390 -73.9323 100 10 11





41.6023 -73.9593 100 10 11 60% cover, tidal swamp 3 80
09 Wappinger 
RC1
41.4866 -73.9634 100 10 11





41.4866 -73.9634 5 5 1 <10% cover, delta 3 N/A
09 Constitution 
RC01
41.4033 -73.9389 100 10 11
90% cover, cattails, sedges, 




41.4000 -74.0000 92 10 11
90% cover,  cattails and 
sedges
1 52
* Habitat type 1 = Old wetlands, 2 = recent wetlands, and 3 = deltas




1.2. Elemental Concentrations 
Using the FP-XRF, we are capable of getting high-quality measurements of 13 elements 
that are comparable to independent confirmatory analyses. The elements include K, Ca, Ti, Cr, 
Mn, Fe, Cu, Zn, Br, Rb, Sr, Zr, and Pb.  The distribution pattern of each element is 
heterogeneous within a core and across sites.  We will discuss the results by categorizing the 
samples based on their industrial metal content and use that to determine the approximate age of 
the samples.  We will discuss the elements with similar patterns across the latitude.  We will 
especially emphasize the patterns of concentration changes after the industrialization period as a 
result of anthropogenic activities.  















07 IONA RC1 41.3023 -73.9751 100 10 11
100% cover, dense cattails, 
sedges, and hibiscus
1 50
09 Croton RC1 41.1982 -73.8693 100 10 11
90% cover, dense cattails and 
sedges
1 60
07 Piermont RC1 41.0290 -73.9069 100 10 11 90% cover, Spartina patens 1 50
98 Piermont (100 
- 1350 cm)
41.0290 -73.9069 1350 10 150 90% cover, Spartina patens 1 N/A
09 Inwood RC1 40.8748 -73.9144 98 10 11 20% sparse grasses 3 N/A
08 Saw Mill 
Creek RC01
40.6474 -74.1069 100 10 11 90%, Spartina patens 1 80
08 Big Egg RC2 40.6039 -73.8767 160 10 17 90%, Spartina patens 1 70
* Habitat type 1 = Old wetlands, 2 = recent wetlands, and 3 = deltas
N/A listed under Pb penetration depthindicates cores that do not have a distinct background Pb concentrations at the bottom
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1.3. Sediment Age Categorization  
The elevation of Pb in sediment depth profiles was used to separate samples into pre and 
post industrialization periods.  A typical Pb profile from our Hudson River cores has a constant 
low background Pb level at the bottom of the core, followed by a dramatic increase of total Pb.  
Then, total Pb declines toward the top (Fig. 3-3).  This Pb profile is commonly observed in the 
Northern Hemisphere, where Pb has increased since the industrialization period (Weiss et al. 
1999, Kowalski et al. 2012).  Prior to the European settlement, nearly all of the Pb is from 
natural occurring Pb in the sediment, so the Pb level is constantly low at the background level at 
each site.  After industrialization, metal ore mining and Pb-based pigment manufacturing are 
among the major sources of the Pb rise.  Subsequent leaded gasoline usage increases Pb export 
into the environment in the mid 1950s.   Thus, we can use the initial rise of Pb as the time marker 
of the industrialization period.  Pb concentrations have declined as the usage of leaded gasoline 
was phased out in the 1980s (Wu and Boyle 1997), similar to the pattern of declining Pb 
concentration observed in our sediment cores.  This method of using Pb as an indicator of the 
industrialization period has been used with independent chronologies in various depositional 
environments, including river cores, marsh cores, and peat cores (Donnelly et al. 2001, Cearetta 
et al. 2002, Cundy et al. 2003, Nitsche et al. 2010).  In other Hudson River cores, the marked 
increase of Pb concentration has been tied to the 20
th
 century when the increased industrial 
activities contributed to more Pb input into the estuary (Chillrud et al. 2003, Bopp et al. 2006, 
Nitsche et al. 2010).  In Hudson marsh cores, Pb profiles have been used to indicate the timing 
after the European settlement, or after the 17
th
 century, though the exact timing of the Pb rise in 





Figure 3-3: Downcore Pb concentrations of selected Hudson River cores.  Please note that Pb concentrations on the x axis of each 
site are not on the same scale.  Old marshes (top panels) have background Pb concentrations (shaded area) of  7 – 20 ppm which are 
lower than the background Pb of 25 – 40 ppm in recent marshes and deltas.  Pb concentrations in old marshes consistently reach the 







Along the salinity transect, background Pb concentrations across sites are not uniform.  
Background Pb levels in each core are variable from site to site.  Background Pb in old wetlands 
(7 - 20 ppm) is generally lower than that of recent wetlands and deltas (25 – 40 ppm) and total Pb 
in each wetland site is lower than that of the value in a nearby recent marsh or delta site.  
Background Pb concentration in recent wetlands is in the same order of magnitude as the 
published continental crust value of 20 ppm (McLennan 1995).  If organic matter Pb 
concentration is assumed to be 0, we can normalize Pb concentration to sample’s inorganic 
content.  The normalized background Pb concentrations  of all sites are between 8 – 30 ppm (Fig. 
3-4).  The values are within the same range for both old wetlands and recent wetlands/deltas 
within the same area.  This suggests that the major contributor of Pb concentrations in the 
sediment is associated with the inorganic phase and Pb concentrations at depth maybe skewed by 
organic matter.  
Pb profiles in old wetlands have a unique structure in comparison to that of recent 
wetlands and deltas (Fig. 3-3).  In old wetlands, Pb concentration increases from background 
level at a shallower depth in old wetlands than it does in deltas.   Pb in old wetlands uniformly 
reaches the background level at 40-60 cm, while most recent wetlands and deltas have Pb 
elevation at the depth of over 80 cm.  The shallower Pb penetration depth in old wetlands implies 
they have lower sedimentation rate than recent wetlands and deltas.  A comparison of total Pb 
profile with existing Ambrosia and Cs-137 chronologies  in Iona Marsh (Chou and Peteet. 2010) 
suggests that Pb may have risen as early as the 18
th
 – 19th century in old wetlands which may be 
earlier than the signal in delta cores.  Because of lower background Pb in the core, old wetlands 





Figure 3-4: Latitudinal Pb concentrations normalized by inorganic fraction (pre-anthropogenic only).  When organic matter Pb 
concentration is assumed to be 0, Pb concentrations calculated by weight percent of inorganic matter are around 8 – 30 ppm.  The 
values are within the same range for both old marshes and recent marshes/deltas within the same area, suggesting that major 








The varying background Pb concentrations across sites raise an awareness of background 
element correction in sediment samples. Pb concentration of the upper continental crust of 20 -25 
ppm is commonly used in various studies to correct Pb concentration profiles to identify 
anthropogenic Pb contribution (Bopp et al. 1993, Hirschberg et al. 1996, Benoit et al. 1999, 
Chillrud et al. 2003). As we show here, this crustal value maybe applicable for some inorganic 
delta sites.  However, attention especially needs to be given when working with organic-rich 
wetland sites which generally have lower background Pb by a factor of 3.  Using crustal Pb for 
background correction would significantly underestimate the anthropogenic Pb inventory.  This 
study also suggests that even for similar depositional environments, this background Pb can also 
vary by more than 100%.  Local geology and site history play an important role and site-specific 
calibration of background concentration is necessary. 
Based on Pb profiles, we separated samples into two groups: Pre-industrialization and 
post-industrialization.  Pre-industrialization samples are those with background Pb level. These 
samples are likely deposited prior to significant anthropogenic impacts and should represent the 
undisturbed state of the estuary.  In contrast, post-industrialization samples have above-
background Pb.  These samples indicate major anthropogenic influence to the sites. The 
discussion that follows will compare and contrast samples that are deposited during the two time 
periods.  
1.4 Lithology of the Sediment Cores 
The lithology of the sediment is heterogeneous within a core and across sites with distinct 
texture and composition in old wetlands versus other sites.  Deltas and recent wetland sediments 
are light in color and high in sand and silt content throughout each core.  In contrast, old wetland 
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sediments have dark fine peat and clay.  In a depth profile, old wetland sites usually have dark 
peat at the bottom and silty peat of lighter color toward the top.  Among the wetland sites, salt 
marshes have higher silt and sand content than brackish and freshwater marshes, likely as a result 
of higher coastal energy which favors the deposition of coarser grains. A detailed lithology of 
each core sample is listed in the Appendix.  
Section 2: Composition Changes along the Salinity Gradient 
Sediment composition along the N-S salinity transect is examined as a way to evaluate 
the effects of biological and physical setting on the sediment.  We identify the distribution 
patterns with visual inspection and PCA.  Samples were separated into pre and post-
industrialization to examine natural versus disturbed sediment.  For pre-industrialization 
samples, LOI, K, Ti, Rb, Zr, Fe, Mn and Ca are well correlated and are indicative of the 
lithology and depositional environment.  The trend of soluble elements, including Ca, Br and Sr, 
indicate some marine influence.  After the industrialization, terrigenous elements, such as K, Ti, 
Rb, and Zr increased from the pre-industrialization period as a result of erosion.  Marine 
elements have similar patterns to the pre-industrialization period.  Industrial elements (Pb, Zn, 
Cu, and Cr) significantly increased.  The next section will describe the patterns of sediment 
composition during the two time periods in detail.   
2.1 Pre-industrialization: Baseline Sediment Composition 
In this section, we will discuss the composition of sediment samples with background 
level of Pb.  These samples are considered to have been deposited prior to the industrialization.  
Thus, chemical composition of these samples should represent the values expected in such 




Figure 3-5: Pre (●) and post (■) industrialization distributions of Loss-On-Ignition (LOI), 
K, and Ca along the Hudson estuary.  LOI and Ca are the highest in old marshes while K 
concentrations there are the lowest.  Ca also exhibits the highest concentrations near the Mohawk 
River which cuts through limestone and dolostone.  Pre-industrialization values  in deltas and 
recent marshes are similar to post-industrialization values.  In several old marshes, highlighted 
above, pre-industrialization sediments have higher LOI and Ca with lower K than deltas and 
recent marshes, indicating that recent elevation of inorganic matter input from erosion increases 




Figure 3-6: Pre (●) and post (■) industrialization distributions of Br, Zr and Sr along the 
Hudson estuary.   Br concentrations are the highest in salt and brackish sites since the main Br 
source is seawater.  On the other hand, the highest Sr and Zr concentrations occur near the 
Mohawk and NYC harbor.  Post-industrialization values have not significantly changed from 




composition of the sediments along the N-S transect to distinguish how each element varies 
along this environmental gradient.  To simplify the results, we grouped the elements with similar 
distributions along the estuary together and discuss likely causes of the observed patterns. 
Principle component analysis (PCA) and visual inspection were used to separate 
composition parameters into three major groups: 1) LOI and terrigenous elements; 2) Ca and Sr 
from marine and sedimentary rock source; and 3) and Br and Zr with a trend along the salinity 
gradient.  LOI is indicative of organic matter content while terrigenous elements, including K, 
Ti, Rb, Fe, Sr, Co, and Mn, are indicative of inorganic matter content.  Thus, LOI is especially 
high in old wetlands, while terrigenous elemental content is high in recent wetlands and deltas.  
These terrigenous elements are also especially low upriver.  Ca and Sr have negative correlations 
to terrigenous elements.  They are especially enriched in wetlands and upstream.  Br and Zr 
exhibit concentration trends along the salinity gradient, suggesting an influence from marine or 
upriver sources.  Pb, Cu, and Zn have natural occurring levels that are highly variable from site 
to site depending on the lithology.  The discussion will break down and investigate each of these 
element groups in detail.  
2.1.1 LOI 
On average, old wetlands (24%) have much higher LOI than deltas and recent wetlands 
(10%, Fig. 3-5).  This is because old wetlands have higher primary productivity from the denser 
vegetation.  Wet conditions in old wetlands allow high preservation of organic matter over a 
longer period of time, as seen as the thicker peat layer observed at these sites.  Brackish sites 
appear to have the highest LOI among the sites examined.  Coarse sand grains might also be 
106 
 
present to dilute LOI in salt marshes from this study.  This study helps to add more information 
to the ongoing discussion of whether fresh, brackish or salt marsh has the highest LOI, as a result 
of varying productivity and preservation (Wieski et al. 2010, Callaway et al. 2012).  
2.1.2 Terrigenous Elements 
PCA suggests that K, Ti, Rb, Fe, Sr, Co, Mn, Ca, and Sr exhibit a common pattern in the 
first principle component (PC), which explains 49.2% of the variance.  K, Ti, Rb, Fe, Co, and 
Mn have a positive correlation to each other.  There are high correlation coefficients among K, 
Ti, Rb, Fe, and Zr to LOI, bulk density and inorganic matter, suggesting that these elements may 
reflect changes in organic/inorganic matter content and bulk density.  Ca and Sr have a negative 
relationship to K, Ti, Rb, Fe, Sr, Co, and Mn. 
2.1.2.1 K, Ti, Rb, Fe, Co, and Mn 
K, Ti, Rb, Fe, Co and Mn concentrations are depleted near old brackish and freshwater 
wetlands at Tivoli Bays, Constitution, Manitou and Iona (Fig. 3-5). This is likely the result of 
high organic matter in wetlands which dilutes these elements.  In contrast, concentration maxima 
of these elements are found near large tributaries, including Mohawk, Esopus, Wappinger’s, and 
Croton.  At these large tributaries, high-energy depositional environment favor the deposition of 
denser inorganic particles. Thus, coarse sediments are deposited without a dilution by organic 
matter. 
2.1.2.2 Ca & Sr 
Ca and Sr have negative correlations to K, Ti, Rb, Fe, Co, and Mn.  There is an 
enrichment of Ca and Sr both upstream and seaward (Fig. 3-5, 3-6).  The average concentrations 
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of Ca in the tributaries and deltas in the estuary are the highest in the Mohawk River, Troy, 
Rondout Creek, and Wappinger’s Creek (Fig. 3-5).  As shown in Table 3-2, the Mohawk River 
and Rondout River cut through sedimentary rocks, likely bringing high concentrations of Ca with 
them as Ca concentration in the estuary is usually governed by carbonate weathering (Negrel et 
al. 1993).  Ca concentrations in old wetlands are slightly enriched (Fig. 3-5), in contrast to the 
depletion of K, Ti, Rb, Fe, Co, and Mn at these sites.  Pre-industrialization Ca concentrations are 
the highest in the wetlands of Tivoli Bays, Constitution, Manitou and Iona.  On the other hand, 
nearby Esopus and Catskill Creeks have among the lowest Ca concentrations.  This suggests a 
preferential uptake of Ca in wetlands over other elements.  As Ca is an important micronutrient 
for plants, marsh plants sequester Ca and store it in their foliage (Ngai and Jefferies 2004).  This 
might cause preferential enrichment of Ca in the wetland sediment.  Ca enrichment in old 
wetlands may also support the positive correlation between Ca and LOI if higher productivity 
results in more enrichment of Ca into the sediment.   
The distribution of Sr is similar to that of Ca with enrichment both upstream and seaward.  
The sources of Sr are similar to that of Ca, including seawater and calcareous deposits (Negrel et 
al. 1993, Negrel 1997).  Sediments from the Esopus, Rondout and Catskill have exceptionally 
low Sr concentrations. At large tributaries, freshwater flow may also dilute Sr concentration.  In 
contrast to Ca, Sr concentrations in wetlands are similar to those of recent wetlands and deltas. 
Ca/Sr ratios indicate an enrichment of Ca in relation to Sr in brackish and freshwater marshes, 
suggesting preferential biological uptake of Ca, but not Sr, in old wetlands.   
2.1.3 Br and Zr 
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Br and Zr exhibit strong concentration trends along the salinity gradient (Fig. 3-6).  PCA 
suggests that these elements explain 10% of the variance.  Br increases seaward, while Zr 
decreases seaward.  The main source of Br is seawater, supporting the observed highest Br 
concentration in salt marshes.  Br also has a positive correlation to LOI.  Br has been shown to 
not only be linked to salinity, but also has a strong linear relationship with organic matter content 
(Malcolm and Price 1984).  Based on the C/N ratio, Malcolm and Price (1984) suggest that Br 
concentration in the sediment is directly related to marine organic matter contribution.   
In contrast to Br, Zr is elevated upstream near the Rondout and Mohawk River and in 
New York Harbor.  Zr has also been found to be associated with metamorphic rock and sand 
particles more than carbonates and clay (Bea et al. 2006).  Thus, its deposition may also depend 
on grain size and geomorphology (Chen and Torres 2012).  Upriver, high Zr depositions may be 
due to its proximity to erosional sources of major tributaries such as the Rondout and the 
Mohawk Rivers.  Large grain size can sink rapidly upstream, while smaller particles drift out to 
the ocean.  Nitsche et al. (2007) found a gradient of sediment grain size from Albany-Troy to 
New York harbor and found that Albany, the Catskills and the New York harbor regions have 
coarser sediments with gravels, sand and silt in comparison to the middle part of the estuary that 
is muddy.  The sediments near the mouth of each tributary are also coarser with dynamic 
hydrology.  This trend agrees well with the distribution of Zr observed in this study in that Zr 
concentration is the highest in the Albany region, near New York harbor, and in deltas, similar to 
the distribution of the coarser portion of the sediment.   
2.1.4 Pb, Cu, and Zn 
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Natural levels of Pb, Cu, and Zn have distinctive features in comparison to other 
elements.  The 4
th
 PC, consisting of Pb and Cu, explain 11% of the variance, while the 5
th
 PC, 
consisting of Zn, explains another 9% of the variance.  However, their concentrations have 
positive correlations with the concentrations of K, Ti, Rb, Fe, Co, and Mn. Pb, Cu, Zn are 
depleted in wetlands, similar to the K, Ti, Rb, Fe, Co, and Mn, since the source of these elements 
are the inorganic fraction.  The geology and the amount of organic matter likely govern 
compositional changes along the latitude.  As discussed earlier, background Pb, Cu and Zn at old 
wetland sites are all lower than that of deltas and recent wetlands.   
2.1.5 Elemental Ratios of Selected Elements Prior to the European Settlement  
Elemental ratios among the elements in pre-industrialization samples help to identify 
sediment chemical composition of the natural state.  Sr is used as a conservative measurement as 
it is constant through time in each core and it has been used in other studies (Weiss et al. 1999).  
We found that K and Br are good indicators of lithological change (Fig. 3-7).  With an example 
from Piermont marsh core, K/Sr parallels bulk density of the sediments and has a negative 
correlation with LOI throughout the 13-m depth analyzed.  On the other hand, Br/Sr variations 
are linked to major changes in brackish sites such as Piermont.  From this record, we observe 
that long-term environmental trends can be variable through time in terms of bulk density, LOI, 
and inorganic matter from climatic and environmental changes.  For ecosystem restoration, one 
should further investigate the causes of natural variability on sediment lithology and 
composition. The correlation among K/Sr, Br/Sr, bulk density, and LOI provide a tool that can 





Figure 3-7: Br/Sr and K/Sr ratios in a 13-m brackish salt marsh sediment core from Piermont Marsh (Peteet et al., 2006).  
Br/Sr ratio parallels LOI, while K/Sr ratio has a trend similar to that of bulk density.  The depths with high LOI concentrations and 
low bulk density have high Br/Sr and low K/Sr ratios (shaded area).  There is a negative correlation of LOI and Br/Sr ratio with K/Sr, 







2.2 Post-industrialization and Composition Changes 
2.2.1 Element Concentrations: Summary 
This section discusses how sediment composition has changed as a result of 
anthropogenic activities.  With PCA and visual inspection of the samples with above-background 
Pb levels (Fig. 3.5 – 3.6), there are five major observations that we will discuss in detail. 1) LOI 
has declined in wetlands.  2) K, Ti, Rb, and Zr are enriched in wetland sites, but have not 
significantly changed in the post-industrialization periods at other sites. 3) Ca and Sr have 
increased in concentrations upstream.  4) The trend of Br is similar to the pre-industrialization 
period as highest Br concentrations are found at sites with highest present day salinity. 5) 
Industrial metals, such as Pb, Zn, Cu, Cr, and Fe, have increased throughout the estuary. 
2.2.2 Lithology and LOI Changes  
The most striking change in the lithology and LOI, post-industrialization, occurred in old 
wetlands (Fig. 3-5).  At brackish and freshwater wetlands, post-industrialization sediment has a 
lower LOI and coarser grains than the pre-industrialization values at the same location.  Higher 
inorganic deposition in old wetlands were observed at these sites, as shown in the Appendix and 
in previous studies (Pederson et al. 2005, Chou and Peteet. 2010, Peteet et al. 2011, Sritrairat et 
al. 2012).  In contrast to old wetlands, increasing LOI in recent wetlands is observed.  Dense 
vegetation in recent wetlands that are newly vegetated likely provides increasing organic matter 
content to the sediment.  However, the magnitude of this LOI increase is still not comparable to 
LOI found in old wetlands.  LOI in deltas stays low throughout the estuary.  
2.2.3 K, Ti, Rb, and Zr 
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While K, Ti, Rb, and Zr exhibit common patterns, the first principle component from 
PCA consisting of these elements explains only 22% of the variance. However, the pattern of 
change is more visible as these elements showed a negative correlation to LOI (Fig. 3-5).  In old 
brackish and freshwater wetlands, the concentration of these elements increased by 80-200% 
after the industrialization.  The concentrations of these elements, post-industrialization, across 
the salinity gradient do not change significantly from the pre-industrialization period at other 
recent wetlands and delta sites. Thus, environmental setting, vegetation cover, and landscape 
changes determines K, Ti, Rb and Zr concentration in the post-industrialization period. 
K, Ti, Rb and Zr increases in old wetlands, post-industrialization, indicate major 
anthropogenic landscape change.  These elements have increased because of higher inorganic 
input into wetlands in the recent centuries. K, Ti, Rb and Zr are present at high concentration at 
major tributaries upstream where the pre-industrialization record does not exist.  Intense and on-
going land use changes in those areas after the European settlement likely contribute to high 
erosion of inorganic matter into the tributaries upstream.  Other paleoecological studies in other 
old wetlands support increases in inorganic matter after land disturbances (Swaney et al. 1996, 
Pederson et al. 2005, Miller et al. 2006, Peteet et al. 2006, Collins and Miller 2011, Peteet et al. 
2011, Sritrairat et al. 2012).  High sediment input during or after the European settlement 
combined with storm events have been found to alter wetland hydrology at various sites along 
the U.S. Eastern seaboard (Brush 1986, Headland et al. 1999, Hilgartner and Brush 2006, Hein et 
al. 2012).  Many barrier islands have been formed as a result.  Such increase of inorganic 
sediment is a concern as it changes the hydrology of the wetlands, drying them out, promoting 
invasive species expansion, and inhibiting transportation in the estuary.  However, because of the 
increasing sediment loads from land clearing, some wetlands have been created as sediment fill 
113 
 
in low areas. The degree of change likely varies from site to site, but careful management is 
required to prevent damages to the estuary.   
2.2.4 Ca and  Sr 
Post-industrialization Ca and Sr concentrations are the highest in the Mohawk River, 
Troy, Rondout Creek, Wappinger’s Creek and near NY Harbor (Fig. 3-6, 3-7).  Ca has increased 
above latitude 41.6ºN during this time.  Sr is elevated near the Mohawk River and New York 
Harbor in recent time.  Increased Ca and Sr concentrations in the Mohawk and at Troy suggest a 
possible increase in eroded carbonates from the Mohawk, given that the bedrock in the Mohawk 
watershed is mainly limestone and that the Mohawk contributes a significant discharge and 
sediment to the lower Hudson.  The Mohawk Valley was settled by the Europeans in the 18
th
 
century, which is much later than the lower part of the Hudson estuary (Swaney et al. 2006).  
Intense agriculture in the Mohawk watershed and in the Albany region supports the view of 
elevated erosion from the Mohawk watershed in the last century.  The Ca increase upstream 
might also be a consequence of the increasing use of calcium chloride for snow melting in this 
colder region of NY, VT and MA.  Higher Ca concentrations are also observed at Inwood in 
New York City, which might be an example of an area with significant Ca input of construction 
waste and erosion from made-made structures.  These constructional wastes contain concrete 
debris, providing Ca into the sediment.  This increased Ca concentrations may be of 
environmental concern.  A common freshwater invasive species, zebra mussel (Dreissena 
polymorpha), is known to require high concentration of Ca in order to produce shells (McMahon 
1996). This increase in Ca in the sediment has the potential to enhance the expansion of zebra 
mussels upstream.   
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2.2.5 Elements from a Marine Source (Ca, Sr, and Br) 
Ca, Sr, and Br also have natural marine sources and the 3
rd
 PC, consisting of Ca, Sr, and 
Br, explains 10% of the variance of post-industrialization samples. Sr and Br concentrations in 
marine and brackish sites in post-industrialization samples are within the same range as the pre-
industrialization values at most sites (Fig. 3-7).  Thus, the trend implies that the governing factor 
has not changed much for these elements.  Modern Br concentrations are the highest near the 
ocean, contrasting with the maximum Br downcore at Piermont.  As shown on Fig. 3-7, organic 
matter content also plays a role in changing Br concentrations (Malcolm and Price 1984).   
Section 3: Post-industrialization Industrial Metals Distribution 
Industrial metals, including Fe, Mn, Pb, Zn, Cu, and Cr are discussed here separately as 
the major source of them in the post-industrialization period is anthropogenic input. Industrial 
metal concentrations are highly variable across the estuary.  Mn and Fe are enriched in the 
middle of the estuary.  The sources of Mn and Fe include coal usage, sewage, ore mining, and 
metal smelting.  Pb, Zn, Cu and Cr have significantly increased throughout the estuary and will 
be emphasized due to their significant health concern. 
3.1 Industrial Metal Inventories and Distributions 
 Similar to the typical Pb depth profile that was presented earlier, downcore Zn, Cu, and 
Cr profiles suggest recent increases of these industrial metals after industrialization.  Most old 
wetlands have much lower industrial metal inventories (Fig. 3-8), concentrations and penetration 
depths (Appendix) than do nearby recent wetlands and deltas.  Low industrial metal inventories 
in wetlands are a result of the dilution by organic matter and lower sedimentation rates in relation 




Figure 3-8: Industrial metal inventories in old marshes vs. recent marshes and deltas.  Old 
marshes generally have lower metal inventories than that of nearby delta/recent marsh sites, 
except near New York Harbor.  The inventories are the highest near New York City, 
Wappinger’s Creek, and the Rondout Creek, which are the centers of industrial activities. 
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An exception of low metal inventory in old wetlands is evident at NYC salt marsh sites, where 
the concentrations of these metals are very high as a result of local metal sources near New York 
City.     
As expected, highest industrial metal inventories and concentrations were found at the 
industrial centers, including NYC, Wappinger’s Creek, Rondout Creek, and the Albany region. 
The results agree with other studies, which find maximum metal concentrations near NYC.  Near 
the New York Harbor region, Sonadu-Wilhelmy and Gill (1999) found that metal concentrations 
in the Hudson River water are the highest just upstream of Metropolitan New York.  Beck et al. 
(2009) found elevated metal concentrations near New York Harbor and Jamaica Bay.  Multiple 
industrial metal sources must have contributed to the observed inventories in the estuary.  Abrupt 
change in metal concentration from one site to another and the occurrence of clusters of sites 
with high industrial metal concentrations indicate that that sediment is not well-mixed in the 
estuary.  Local sources play a major role in the observed trend.  The distribution of each element 
does not proportionally co-vary with other metals.  For example, Pb enrichment is found near 
industrial cities, while Cu is in NYC (Fig. 3-8).  Rondout has relatively high Pb in relation to Zn 
compared with other sites.  
Historic records indicate numerous metal sources in NYC. There are four major and two 
minor wastewater treatment plants that discharge into Jamaica Bay area that may be a significant 
source of some heavy metals (Bopp et al. 1993, Beck et al. 2009).  In the early 1900s there was a 
major transformation of the Jamaica Bay area as there was a large lead smelting plant that 
produced large volumes of lead, tin, and solder (Black 1981).  Since then, the area went through 
a major landscape change with the construction of a railroad and of many new factories.  
Newtown Creek region and Staten Island have been in the center of New York industry since the 
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late 1800s.  Many of these industries include pigment plants that used significant Pb, As, and Cu 
(Baptista 2007, 2008).  Enrichment of Pb could also result from leaded gasoline usage and paint 
(Nriagu and Pacyna 1988).  High traffic and urbanized infrastructures in the New York City 
region contribute to the observed high Pb inventory near New York Harbor in this study.  Waste 
water can also deliver high concentrations of Pb, Cr, Cu, and Zn (Klein et al. 1974).  These dense 
industrialization developments near New York City are likely to be the greatest cause of the 
elevated industrial metals there. 
In other industrial centers such as the Upper Hudson, Albany, Kingston, Newburgh, and 
Poughkeepsie, there were also high industrial metal inventories observed.  These regions were 
major industrial headquarters since the early 19th century with numerous industrial firms 
(Rohmann et al. 1985).  One of the largest pigment companies in the country, BASF Rensselaer, 
was founded in 1868 in Rensselaer and continues to be a major pigment plant to this day.  
Among many factories in Troy, the Beemester Steel work was a leading steel company since the 
early 19th century.  There have been several paint manufacturers in this area since the mid 19th 
century (Anderson 1897).  Poughkeepsie and Kingston were also major transportation and 
industrial hubs in the mid 19th century (Swaney et al. 1996) which may have resulted in elevated 
metal concentrations at many sites in this region.   
3.2 Industrial Metals and Health Concerns 
We performed further examination of industrial metals, including Pb, Zn, Cu and Cr, in 
Hudson River sediments which are of concern to public health.  These contaminated sediments 
are still the major source of metals in the Hudson River (Sanudo-Wilhelmy and Gill 1999, 
NYSDEC 2012a).  For estuarine restoration, the issues that must be addressed include: 1) Which 
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industrial metal concentrations should be targeted and why?  2) Where in the estuary are the 
highest contaminant levels that need prompt attention?  The concentrations of these metals are 
regulated in most countries around the world.  However, the regulations significantly vary from 
one place to another (Provoost et al. 2006).  In this study, to determine ecosystem risk of 
exposure to these industrial metals, the concentrations of Pb, Zn, Cu and Cr were compared with 
the expected crustal concentrations using the Enrichment Factor analysis as well as with 3 health 
guidelines,  including the EPA soil screening value, The Netherlands target soil value, and the 
Effective Ranges of sediment. 
3.2.1 Industrial Metal Enrichment Factor from Continental Crust 
Enrichment factors (EFs) can explain how many times each industrial metal is elevated in 
comparison to the values expected in continental crust.  For this study, Sr is used in place of Al 
to compare with other elements because our XRF analysis cannot accurately detect Al.  Many 
studies have successfully used Sr for a comparison (Weiss et al. 1999).  From this study, the 
enrichment factor of each metal was quantified at each core location.  Pre-industrialization 
samples have background EF levels that are generally under 5.  EF above that level indicates an 
enrichment of the metal above the natural crustal level.  As shown in Fig. 3-9, among the post-
industrialization samples, Pb, Zn, Cu and Cr were found to be more enriched in relation to Sr 
than the crustal value by up to 180, 320, 100, and 18 times respectively.  Average anthropogenic 
enrichment factors are the highest near NYC and major industrial cities at sites such as Jamaica 




Figure 3-9: Enrichment Factors (EFs) of Pb, Cu, Zn and Cr in relation to Sr along the Hudson estuary. A higher EF implies 
higher contribution of the metal by humans.  Pb has the highest EF across the latitudes.  The highest EFs for all metals occur near New 
York City, Wappinger’s Creek, and Rondout Creek with up to 130 times the metal concentrations expected in the upper continental 








Figure 3-10: The frequency of occurrence of samples with Pb, Zn, Cu, or Cr concentrations 
exceeding three selected environmental standards.  The Netherland’s standard (green) is the 
strictest, followed by the Effective Range Medium (ERM, blue) and EPA screening standard 
(red).    On average, 63 % o the samples have the concentrations of at least one industrial metal 
above the Netherlands’ standard, while only 12 and 6% of the samples are above the ERM and 
EPA standards respectively.  The majority of samples from Jamaica Bay, Staten Island, East 
River, Wappinger, Marlboro, and Rondout have metal concentrations above the Netherlands’ 
standard, while 20 – 50% of those samples are above the EPA standards.   
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3.2.2 Industrial Metal Concentrations in Comparison to Environmental Guidelines 
We chose to compare our results to the US EPA, the Netherlands, and Effective Range 
guidelines.  These guidelines are commonly used and offer a range of strictness of industrial 
metal control.  The EPA and Effective Ranges are commonly used in the US to evaluate soil and 
sediment.   The Netherlands standard represents a stricter guideline.  The recommended 
concentrations from these guidelines are shown in Table 3-3.  EPA soil screening values were 
calculated based on various parameters.  It uses a standardized equation that takes toxicity risk to 
humans via skin contact and ingestion into account (EPA 1996).  The standard does not take the 
impact to the ecosystem as a whole into consideration (Provoost et al. 2006) and is, therefore, 
less strict than other guidelines.  The Netherlands choose their target soil contaminant 
concentrations to be the values that will fully recover ecosystem functional properties of soil for 
human, plants, and animals (Swartjes 1999).  The values are based on the compilation of 
exposure studies.  The Netherlands target values are lower than EPA, and therefore, more strict 
because it takes other organisms’ response into account.  The Effective Ranges (Long et al. 
1995) are established specifically for sediment evaluation and are commonly used as a guideline 
for river sediment, including that used in New York State.  It is derived from a compilation of 
data from various studies of the responses of living organisms to contaminants in the field, labs, 





percentiles of metal concentrations in sediment that have adverse effects on living organisms.  
The ERM values that are commonly used as a guideline are in between EPA and the Netherlands 





Table 3-3: Health guidelines used in this study 
 
 
To compare Hudson River data with these three environmental guidelines, we calculated 
the frequency of occurrence that an elemental concentration in a sample is above each of the 
environmental health guidelines.  Among all samples (Table 3-4), only 6% of samples have the 
at least one metal concentration to be above the EPA standard.  Comparing to ERM, 12% of the 
samples have Pb above the ERM, and fewer than 10% of the samples have Zn, Cu, and Cr 
exceeding the ERM.  In contrast, 63, 62, 42, and 31% of the samples respectively have Zn, Cu, 
Pb, and Cr above the Netherlands standards.  According to Fig. 3-10, the frequencies of the 
samples exceeding a guideline are low in the upper portion of the estuary above Rondout Creek.  
As expected, the highest values are near NYC and major industrial hubs for a given standard.  
Even with the less strict standards like the EPA and ERM, 35 – 42% and 55 - 90% of samples in 
Table 3-3: Health Guidelines Used in this Study
ERL ERM
Pb 400 85 46.7 218
Zn 2200 140 150 410
Cu 270 36 34 270
Cr 300 100 81 370
Long et al. (1985)
NetherlandsUS EPAElement
Table 3-4: Industiral metal concentration distribution of Post-industrialization samples 
Frequency of Samples (%, n = 238)
> EPA > Netherlands <ERL ERL - ERM >ERM
Pb 6 42 30 58 12
Zn 1 63 41 50 8
Cu 3 62 34 63 3




NYC vicinity exceed EPA and ERM recommendations of Pb respectively.  More than half of the 
samples at Jamaica Bay and Staten Island also have Cu above the EPA standard.  All of the 
samples from Inwood have Pb, Zn, and Cu above the Netherlands standard.  The second most 
contaminated areas are the Rondout and Wappinger regions, where over 40% of the samples 
have Zn and Pb above the ERM and 70 – 100% of samples have Pb, Zn, and Cu above the 
Netherlands standard.  The estuary is less contaminated by Cr, but more than half of the samples 
from NYC, Wappinger’s and Rondout are above the Netherlands standard.  Based on the 
comparison of Hudson River samples to these health guidelines, it is clear that target restoration 
values are subject to the guideline used.  The Netherlands standard has values within the range 
that is similar to the background Pb, Zn, Cu and Cr concentrations from this study and would be 
ideal for a full recovery of the estuary. 
At a regional perspective, the Hudson estuary sediments have comparable or higher 
industrial metal concentrations than other estuaries.  In a compilation study, Mitch and Anisfeld  
(2010) found that water from the East River near our Inwood site is the most contaminated 
among a set of samples analyzed from the Long Island Sound, measuring metal concentrations 
comparable to those reported in this study.  In the Chesapeake Bay, Gupta and Karrupiah (1996) 
report a comparable concentration of Zn to the Hudson River.  Their sediment samples from two 
tributaries of the Chesapeake from 8 – 23 cm depths contain up to 180 ppm Zn.  However, Cu 
concentrations from our Hudson River samples surpass Cu surface concentrations in the 
Chesapeake Bay sediments which are only 0.5 – 5 ppm (Gupta and Karuppiah 1996).  Pb, Zn and 
Cu concentrations in Chesapeake sediments reported by Digiulio and Scanlon (1985) are up to 
134, 740,  and 230 ppm, respectively, at the most contaminated site, suggesting lower metal 
concentrations than in New York City, Poughkeepsie and Kingston as measured in this study.  
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The enrichment factors of Pb, Zn, Cu and Cr in the Chesapeake Bay are up to 8, 8, 2, 2 times the 
crustal value, respectively (Sinex and Wright 1988), 1-2 orders of magnitude lower than that of 
the Hudson estuary.  Bricker (1996) reports up to 400 ppm Pb concentration in Narragansett Bay, 
RI, which is comparable to the most contaminated sites from this study.  Similar to the Hudson, 
the distribution of metals at each estuary is clustered near major sources. Close attention needs to 
be paid toward the restoration and management of these areas.  With high industrial metal 
concentrations, careful management of Hudson River estuarine sediment is required to prevent 
further redistribution of these elements back to surface areas of the ecosystem.   
Section 4: Hudson River Habitat Restoration 
The characterization of past and present Hudson River sediment composition along an 
environment gradient in this study sheds lights on the Hudson River habitat restoration.  This 
study identifies sediment characteristics at both the natural state and current state at various 
wetlands and deltas along the estuary.  Overall, one of the most striking anthropogenic impacts is 
the reduction of LOI and the increase of inorganic matter after the European settlement in 
existing wetlands.  Similar LOI reduction, increased sediment loads, inorganic matter rise, and 
nutrient shifts have been observed from in various estuaries as a result of anthropogenic activities 
(Brush 2001, Cronin and Vann 2003, Pederson et al. 2005, Church et al. 2006, Hilgartner and 
Brush 2006, Peteet et al. 2006, Wall et al. 2008, Nguyen and Peteet 2010, Peteet et al. 2011, 
Hein et al. 2012, Sritrairat et al. 2012).  The results, which highlight anthropogenic sediment 
composition changes, confirm a concurrent loss of ecosystem structure and function.  With 
increased erosion and inorganic matter input, wetlands fill with inorganic sediment and become 
drier.  In many estuaries, some barrier islands are formed, preventing natural tidal flushing 
(Headland et al. 1999).  Subsequent vegetation changes have then occurred, including the loss of 
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plant diversity and monoculture development which consequently affects fauna.  Increased 
inorganic sediment also enhances transportation and dredging problems that are costly to control 
(Miller et al. 2006, Collins and Miller 2011, USACOE 2011).  Thus, land protection and habitat 
restoration to prevent further erosion is essential.   
For restoration purposes, to fully recover the natural state, pre-industrialization sediment 
composition and historic paleoecological information may be used as a guideline for sediment 
replacement.  In their natural state before anthropogenic influence, sediment characteristics are a 
function of vegetation, proximity, hydrology, and geology as shown in this study.  The 
reconstruction of baseline information, such as the one performed in this study, will help the 
restoration project to achieve suitable grain size, LOI, and nutrients for that environment.  While 
it is still in debate what level of remediation is necessary, a separate health standard for wetland 
contaminant control might be appropriate as wetlands have uniquely low industrial metal 
concentrations in their natural state and are more sensitive to change.  Further anthropogenic 
modifications will likely enhance land erosion, increase sediment mixing and contaminant 
redistribution, lower LOI, and shift chemical composition.  Sea level rise and extreme weather 
events are expected to intensify anthropogenic stress (Christensen et al. 2007, FitzGerald et al. 
2008).  One needs to take into account projections for the future in order to restore and manage 
the estuary successfully and sustainably.   
Conclusions 
This study characterized baseline and long-term sediment composition and sedimentation 
patterns in various environments along the estuary through time.  We found that sediment 
composition is a function of vegetation cover, hydrology, geology, and salinity. Among nearby 
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sites, old wetlands are especially distinctive from recent wetlands and deltas as old wetlands 
have higher organic matter, lower inorganic matter and crustal-derived elements (K, Ti, Rb, Zr, 
Fe, and Mn), lower sedimentation rate, and lower industrial metal (Pb, Zn, Cu, and Cr) 
concentrations, background concentrations, and inventories.   
Post-industrialization, inorganic matter and elemental compositions have significantly 
changed at most sites, especially in old wetlands.  Post-industrialization samples have elevated 
inorganic matter, coarse particles, and crustal-derived elements as a result of land clearing, 
increased erosion, infrastructure construction, and channel modification.  Elevated Ca and Zr 
concentrations upstream from land-use changes in the Mohawk are especially evident.  Many 
other studies have demonstrated concurrent changes in vegetation, morphology, and hydrology 
due to the alteration of sedimentation patterns.  Thus, it is very important to conserve old wetland 
sites as well as to promote land management to ensure the continuity of ecosystem services of 
wetlands and the estuary.   
Industrial metal contaminants have significantly increased throughout the estuary, 
exposing risk to the environment.  The concentrations of Pb, Zn, Cu, and Cr have increased by 
up to 320 times the background level, especially near NYC.  The assessment of Hudson River 
sediment samples using various US and international health guidelines raises questions about 
good target guidelines for environmental restoration.  Sediment profiles show that for most delta 
cores, surface sediments are not necessarily below background level and mixing may occur.  
These are the sites with higher industrial metal inventories.  The Hudson watershed has 
experienced frequent tropical storms, such as Irene and Sandy, in the past few years.  Such 
strong flow and wind mixing will likely lead to sediment mixing and the redistribution of 
contaminants even though current surface industrial metal concentrations at some sites are low.  
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As the weather is predicted to be more severe over time, a restoration plan needs to take into 
account the possibility of contaminant redistribution into the estuary and the resilience of 
habitats in the face of environmental change.  
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   The primary goal of this dissertation is to investigate natural and human-induced 
environmental changes in an urbanized estuarine system, the Hudson River estuary, New York 
(USA).  The dissertation focuses on tidal wetlands which play important roles in providing 
nursery habitat, carbon sequestration, water filtration, storm buffering, and contaminant 
transport.  These wetlands are threatened by natural climate change, predicted sea level rise, and 
human activities (Caraco et al. 2000, Christensen et al. 2007, FitzGerald et al. 2008, Collins and 
Miller 2011).  The research was designed to assess ecological and chemical responses of 
estuarine ecosystems to natural and anthropogenic change.  By examining estuarine records 
which were deposited prior to the European settlement in the 17
th
 – 18th centuries, we identify 
baseline ecosystem characteristics and environmental conditions of the estuary and then assess 
human impacts after the European settlement up to the present.   
  To answer our research questions, we examined sediment cores from 20 wetlands and 
deltas of tributaries across the salinity gradient of the Hudson estuary.  The sites included four 
National Estuarine Research Reserve (NERR) wetlands at Piermont marsh, Iona Island, Tivoli 
Bays, and Stockport Flats.  We implemented two methods to analyze these samples: 1) 
multiproxy analysis of long-term paleoecological records of two important freshwater tidal 
marshes -Tivoli Bays and Stockport Flats; and 2) an estuary-wide study of pre and post 
industrialization sediment composition in wetlands and deltas of the Hudson estuary from Troy 
to New York Harbor.   For long-term paleoecological reconstruction, we used pollen, spores, 
macrofossils, isotopic composition, radiogenic tracers, and elemental analysis to provide a multi-
proxy perspective.  For the estuary-wide sediment composition study, we analyzed samples for 
their organic matter content based on the Loss-On-Ignition method and chemical composition 
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based on a quantitative X-Ray fluorescence spectroscopy elemental analysis across spatial and 
temporal scales.    
 At freshwater tidal marshes -Tivoli Bays (Chapter 1) and Stockport Flats (Chapter 2), 
pollen, spores, macrofossils, charcoal, Loss-On-Ignition (LOI), and elemental analysis were used 
to describe ecosystem changes before and after the European settlement.  Prior to significant 
anthropogenic changes, Tivoli Bays’ paleorecord confirms a regional Medieval Warm Period 
(800 – 1300AD) with fire and drought, followed by a cooler and wetter Little Ice Age (1400 – 
1800 AD).   Stockport Flats records also showed a significant increase in charcoal during the 
same time period, suggesting an interval of regional warmth with high occurrence of fire.  
However, the most remarkable vegetational and landscape changes at both sites occurred after 
the European settlement in the 17
th
 – 18th centuries.  Prior to European settlement, both regions 
were dominated by oak (Quercus) and pine (Pinus.)  At the mark of European settlement, major 
deforestation was documented at both sites, resulting in a decline in all tree species.  At present, 
while the percentage of tree species has recovered to the pre-European settlement values, species 
composition has changed.  For example, birch (Betula), a genus that responds well to 
disturbance, is now one of the dominant species. 
 Wetland ecosystem and biogeochemistry significantly changed after the European 
settlement at these locations (Chapter 1 and 2).  Sedges (Cyperaceae) and ferns (Polypodiaceae 
and Osmunda) were dominant wetland species at Tivoli Bays prior to the European settlement. 
Subsequently, land clearing and infrastructure construction caused a significant increase in the 
sedimentation rate (from 0.1 cm/yr to 0.7 cm/yr).  Percentage of carbon significantly declined 
(from 38% to 28%) as inorganic matter loads increased.  Based on pollen counts, invasive 
species, including narrow-leaf cattail (Typha angustifolia), common reed (Phragmites australis), 
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purple loosestrife (Lythrum salicaria), and jewel-weed (Impatiens capensis) increased by a factor 
of 5 in the last century, replacing sedges (Cyperaceae) and ferns (Polypodiaceae).  Significant 
δ13C decline after European settlement at Tivoli Bays supports the major shift in vegetation 
composition.  Abrupt changes of carbon and nitrogen concentrations, δ15 N, %N, and C/N ratios 
indicate a significant anthropogenic influence on the wetlands after the European settlement, 
concurrent with vegetation changes.  A significant increase in wastewater input, fertilizer usage, 
and anoxia are linked to the expansion of these invasive species.  Increased sedimentation rate 
after the Europeans settlement at Tivoli Bays also caused an invasion of woody species, 
including grapes (Vitis sp.), buttonbush (Cephalanthus sp.), and alder (Alnus sp.), indicating that 
as the wetlands are drying out due to increased inorganic input there is a threat of loss. 
 Similar to Tivoli, the paleoecological record at Stockport Flats (Chapter 2) indicates that 
the European settlement caused the greatest ecological change at this wetland.  Sedimentation 
rate (0.8 – 1.4 cm/yr) and inorganic matter content (0.8 g/cm3) increased by 10 and 3 times the 
pre-European settlement values because of landscape changes.  Macrofossils found in the base of 
the Stockport Flats core suggest that the area was a mudflat where waternymph (Najas flexilis) 
and horned pondweed (Zanichellia sp.) grew in a dynamic floodplain environment.  
Subsequently, emergent vegetation, including arrowhead (Sagittaria spp.) and sedges 
(Cyperaceae), colonized the mudflat.  After the European settlement, T. angustifolia, P. australis 
and I. capensis pollen increased to 20 times the pre-European settlement percentage, similar to 
Tivoli Bays.  Thus both Tivoli Bays and Stockport Flats record indicate major ecological 
changes caused by anthropogenic activities.  These results are essential for identification of 
baseline ecosystem structure before the European settlement in comparison to the current status, 
which is important for future management and preservation of these wetlands.   
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 At both Tivoli Bays and Stockport Flats, one of the notable shifts in these wetlands that 
caused species composition change appears to be related the increase of inorganic matter content.  
In order to provide a regional perspective of sediment composition changes throughout the 
estuary, we investigated sediment composition pre and post-industrialization at 20 sites along a 
North-South transect of the estuary (Chapter 3) in wetlands and tributaries.  We categorized 
samples into 1) “old wetlands” with high organic matter content and thick peat of over 2-m depth 
and with >70% vegetation cover; 2) “recent wetlands” with dense vegetation with <2-m peat 
depth; and 3) “deltas”, with low organic matter content and less than 20% vegetation cover. We 
found that sediment composition depends on vegetation cover, lithology, geology and location, 
and old wetlands are distinctive from other sites.  Old wetlands have higher LOI (24%) than do 
recent marshes and deltas (10%).  K, Ti, Rb, and Rb concentrations are the lowest in wetlands 
and these elements are found to reflect inorganic matter input and correlate well with bulk 
density and organic matter content.  Calcareous bedrock in the Mohawk watershed contributes to 
the highest concentrations of Ca there.   
After major anthropogenic impacts, LOI in old wetlands is significantly reduced, as 
inorganic matter input increases as a result of land clearing and increased erosion. We used the 
concentration of Pb as a time marker to identify sediments that were deposited after the 





 century (Chillrud et al. 1999, Weiss et al. 1999, Chillrud et al. 2003, Bopp et al. 2006).  
Thus, samples with background Pb concentrations are considered “pre-industrialization” samples 
and those with elevated Pb are called “post-industrialization” samples.  After industrialization, 
K, Ti, Rb, and Zr increased by up to 145% as a result of human-induced landscape change, 
erosion, dredging and dumping.  Compared with the findings in Chapter 1 and 2 and prior studies 
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(Pederson et al. 2005, Peteet et al. 2006, Peteet et al. 2011), this increase of K, Ti, Fe, and Rb 
parallel inorganic matter increases at Tivoli, Stockport, and Piermont, suggesting watershed-
wide increases in sediment loads entering the estuary which are responsible for subsequent 
hydrodynamic changes in these wetlands.   
Industrial metals that are of health concern, including Pb, Zn, Cu, and Cr, were analyzed 
at all sites.  There is a high spatial variation of the inventories, enrichment factors, and elemental 
ratios of these elements throughout the estuary indicating multiple metal sources along the river. 
The concentrations of Pb, Zn, Cu and Cr are enriched in relation to Sr compared with expected 
values in the upper continental crust by up to 180, 320, 100, and 18 times respectively as a result 
of anthropogenic input.  Sites with the highest metal inventories are near industrial cities such as 
New York City, Kingston, and Poughkeepsie, where over 50% of the samples have Pb, Zn, Cu or 
Cr concentrations above both US and Netherlands’ risk-based health standards.  The 
characterization of the sediments in this study provides a guideline for future studies of estuarine 
sedimentary changes, paleoenvironment, and heavy metal contaminants.  
Altogether, the results from this dissertation provide a new perspective concerning the 
baseline ecosystem conditions, landscape changes, sediment composition and distribution, 
contaminant distribution, and climatic and human-induced ecosystem and sediment changes in 
Hudson estuarine wetlands.  Our findings indicate a tremendous magnitude of landscape and 
ecosystem change after the European settlement that is evident by the reduction of native 
wetland species and up to a 20 times increase in invasive species as measured by pollen 
percentage, which is concurrent with changes in carbon, nutrient, and sediment dynamics.  We 
find a significant increase in inorganic mineral contributions concurrent with lower organic 
matter content throughout the estuary at the onset of the European settlement.  The comparison 
141 
 
of old wetlands with recent wetlands/deltas shows the importance of old wetlands in carbon 
storage, emphasizing the need for conservation of these old wetlands.  The results also highlight 
the areas near New York City, Kingston and Poughkeepsie where the highest risk of exposure to 
industrial metals is located.  The results can be used to improve estuarine management to 
maximize benefits from ecosystem restorations, restore healthy ecosystems, target areas of high 
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Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Post 08 Mohawk RC1 42.7679 -73.7025 0-1 0.5 2.0 0.1 2.8 0.0 0.4 0.0 57.5 12.2 792.2 93.4 3.2 0.1 31.5 5.7 9.8 2.0
Post 08 Mohawk RC1 42.7679 -73.7025 9-10 9.5 1.8 0.1 2.7 0.0 0.4 0.0 53.0 41.2 415.4 106.5 3.1 0.1 23.5 5.8 10.2 2.0
Post 08 Mohawk RC1 42.7679 -73.7025 19-20 19.5 2.1 0.1 2.2 0.0 0.5 0.0 102.8 12.7 385.5 107.6 3.5 0.1 42.3 5.6 10.2 2.0
Post 08 Mohawk RC1 42.7679 -73.7025 29-30 29.5 1.7 0.1 1.9 0.0 0.4 0.0 83.2 10.2 207.5 114.4 2.3 0.1 35.6 5.7 6.5 2.2
Post 08 Mohawk RC1 42.7679 -73.7025 39-40 39.5 1.7 0.1 1.8 0.0 0.4 0.0 95.2 11.3 241.3 113.2 2.5 0.1 41.0 5.6 6.8 2.2
Post 08 Mohawk RC1 42.7679 -73.7025 49-50 49.5 1.7 0.1 1.3 0.0 0.4 0.0 202.3 13.0 194.6 115.1 2.7 0.1 86.8 7.1 7.2 2.2
Post 08 Mohawk RC1 42.7679 -73.7025 59-60 59.5 1.7 0.1 0.5 0.0 0.5 0.0 42.4 11.5 183.7 115.4 2.8 0.1 18.1 5.9 7.4 2.1
Pre 08 Mohawk RC1 42.7679 -73.7025 69-70 69.5 1.7 0.1 0.4 0.0 0.5 0.0 40.9 29.6 152.9 116.7 2.7 0.1 10.0 17.7 6.1 2.3
Pre 08 Mohawk RC1 42.7679 -73.7025 79-80 79.5 1.6 0.1 0.5 0.0 0.5 0.0 39.4 28.1 142.9 117.1 2.4 0.1 7.3 15.1 2.5 2.6
Pre 08 Mohawk RC1 42.7679 -73.7025 89-90 89.5 1.6 0.1 0.5 0.0 0.4 0.0 42.4 11.5 125.0 117.8 2.4 0.1 12.7 6.0 2.0 2.7
Pre 08 Mohawk RC1 42.7679 -73.7025 96-97 96.5 1.5 0.1 0.5 0.0 0.5 0.0 51.5 11.1 145.9 117.0 2.4 0.1 11.3 6.0 3.0 2.6
Post S10 09 Mohawk 4 42.7679 -73.7025 2-4 3.0 1.7 0.1 1.5 0.0 0.5 0.0 51.5 11.1 362.7 108.4 2.7 0.1 35.6 5.7 6.3 2.3
Post S11 09 Mohawk 4 42.7679 -73.7025 4-6 5.0 1.7 0.1 1.8 0.0 0.5 0.0 66.6 11.9 386.5 107.5 2.7 0.1 23.5 5.8 10.5 1.9
Post S12 09 Mohawk 4 42.7679 -73.7025 6-8 7.0 1.7 0.1 1.7 0.0 0.5 0.0 39.4 28.1 334.8 109.4 2.5 0.1 18.1 5.9 7.2 2.2
Post S14 09 Mohawk 3 42.7679 -73.7025 0-2 1.0 1.6 0.1 0.8 0.0 1.2 0.1 45.5 33.9 551.6 101.5 3.2 0.1 55.8 5.6 13.6 1.9
Post S15 09 Mohawk 3 42.7679 -73.7025 2-4 3.0 1.6 0.1 1.0 0.0 1.3 0.1 47.0 35.4 575.4 100.7 3.5 0.1 57.1 6.9 15.5 1.9
Post S9 09 Mohawk 4 42.7679 -73.7025 0-2 1.0 1.7 0.1 1.3 0.0 0.5 0.0 68.1 11.9 375.6 107.9 2.6 0.1 26.2 5.8 10.0 1.9
Post S3 08 Troy 1 42.7452 -73.6864 0-2 1.0 1.6 0.1 3.0 0.0 0.4 0.0 42.4 11.5 353.7 108.7 2.4 0.1 27.5 5.8 11.0 1.8
Post 09 Mill Creek RC1 42.6392 -73.7477 0-2 1.0 2.4 0.1 0.8 0.0 0.6 0.0 81.7 69.6 1925.8 76.9 4.5 0.1 16.7 5.9 18.3 2.0
Post 09 Mill Creek RC1 42.6392 -73.7477 8-10 9.0 2.2 0.1 0.7 0.0 0.6 0.0 60.5 12.1 507.8 103.1 3.9 0.0 14.0 5.9 17.0 1.8
Post 09 Mill Creek RC1 42.6392 -73.7477 19-20 19.5 2.1 0.1 0.8 0.0 0.5 0.0 52.8 12.3 476.8 18.4 5.2 0.0 32.0 6.6 29.1 3.3
Post 09 Mill Creek RC1 42.6392 -73.7477 29-30 29.5 1.4 0.1 0.8 0.0 0.4 0.0 60.4 12.2 297.9 20.4 3.4 0.0 43.7 5.3 18.0 2.1
Post 09 Mill Creek RC1 42.6392 -73.7477 39-40 39.5 1.6 0.1 0.9 0.0 0.4 0.0 71.1 10.6 383.1 18.8 3.6 0.0 43.7 5.3 18.0 2.1
Post 09 Mill Creek RC1 42.6392 -73.7477 49-50 49.5 1.3 0.1 1.0 0.0 0.4 0.0 54.3 11.0 337.2 19.3 3.3 0.0 39.8 5.3 15.3 2.2
Post 09 Mill Creek RC1 42.6392 -73.7477 59-60 59.5 2.1 0.1 1.2 0.0 0.4 0.0 127.7 12.8 440.2 18.3 3.8 0.0 33.3 5.4 19.4 2.3
Post 09 Mill Creek RC1 42.6392 -73.7477 61-62 61.5 1.8 0.1 1.0 0.0 0.4 0.0 58.9 12.2 346.6 19.1 3.1 0.0 28.1 5.4 8.8 2.5
Post 09 Papscanee RC01 42.5880 -73.7532 4-5 4.5 2.3 0.1 1.3 0.0 0.5 0.0 96.7 12.7 1891.0 76.5 4.3 0.1 31.5 5.7 18.7 1.9
Post 09 Papscanee RC01 42.5880 -73.7532 9-10 9.5 2.3 0.1 1.3 0.0 0.5 0.0 122.4 12.6 1684.1 76.4 4.3 0.1 51.7 6.9 20.8 1.9
Post 09 Papscanee RC01 42.5880 -73.7532 19-20 19.5 2.1 0.1 1.0 0.0 0.5 0.0 84.9 13.1 1111.9 31.7 4.3 0.0 54.1 6.6 20.1 2.6
Post 09 Papscanee RC01 42.5880 -73.7532 29-30 29.5 2.2 0.1 0.7 0.0 0.5 0.0 45.1 13.8 706.3 19.2 3.7 0.0 48.9 6.6 17.5 2.4
Post 09 Papscanee RC01 42.5880 -73.7532 39-40 39.5 2.3 0.1 0.6 0.0 0.5 0.0 86.4 11.7 888.9 24.0 4.2 0.0 52.8 5.3 15.4 2.6
Post 09 Papscanee RC01 42.5880 -73.7532 49-50 49.5 2.2 0.1 0.6 0.0 0.5 0.0 58.9 12.2 708.1 19.2 3.9 0.0 30.7 5.4 13.9 2.5
Post 09 Papscanee RC01 42.5880 -73.7532 59-60 59.5 1.9 0.1 0.7 0.0 0.4 0.0 32.9 28.4 296.0 20.4 2.5 0.0 10.0 15.7 5.5 2.6
Post 09 Papscanee RC01 42.5880 -73.7532 69-70 69.5 2.2 0.1 0.7 0.0 0.5 0.0 66.5 12.0 383.1 18.8 3.2 0.0 39.8 5.3 11.6 2.4
Post 09 Papscanee RC01 42.5880 -73.7532 79-80 79.5 2.1 0.1 0.7 0.0 0.5 0.0 51.2 12.4 335.3 19.4 3.0 0.0 38.5 5.3 8.6 2.5
Post 09 Papscanee RC01 42.5880 -73.7532 89-90 89.5 1.8 0.1 0.8 0.0 0.4 0.0 34.4 29.9 227.6 22.1 2.3 0.0 12.6 5.5 1.1 2.9
Post 09 Papscanee RC01 42.5880 -73.7532 93-94 93.5 2.2 0.1 0.6 0.0 0.5 0.0 101.7 11.5 402.8 18.4 3.3 0.0 38.5 5.3 9.9 2.5








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
Post % % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Post 07 Stockport RC01 42.2931 -73.7733 0-1 0.5 1.6 0.1 1.3 0.0 0.4 0.0 72.6 11.8 815.1 92.5 3.0 0.1 19.4 5.9 9.1 2.0
Post 07 Stockport RC01 42.2931 -73.7733 9-10 9.5 1.6 0.1 0.7 0.0 0.4 0.0 72.6 11.8 334.8 109.4 2.7 0.1 16.7 5.9 6.4 2.2
Post 07 Stockport RC01 42.2931 -73.7733 19-20 19.5 1.5 0.1 0.6 0.0 0.4 0.0 42.4 11.5 223.4 113.8 2.3 0.1 11.3 6.0 5.0 2.3
Post 07 Stockport RC01 42.2931 -73.7733 29-30 29.5 1.6 0.1 0.5 0.0 0.4 0.0 48.5 11.3 256.3 112.5 2.4 0.1 15.4 5.9 4.8 2.4
Post 07 Stockport RC01 42.2931 -73.7733 39-40 39.5 1.8 0.1 0.5 0.0 0.5 0.0 105.8 11.2 341.8 109.2 3.0 0.1 32.9 5.7 8.6 2.1
Post 07 Stockport RC01 42.2931 -73.7733 49-50 49.5 2.0 0.1 0.5 0.0 0.5 0.0 222.0 15.0 429.3 105.9 3.7 0.0 62.5 6.9 14.3 1.8
Post 07 Stockport RC01 42.2931 -73.7733 59-60 59.5 1.8 0.1 0.5 0.0 0.5 0.0 190.3 13.8 388.5 107.5 3.5 0.1 34.2 5.7 12.9 1.8
Post 07 Stockport RC01 42.2931 -73.7733 69-70 69.5 2.0 0.1 0.5 0.0 0.5 0.0 175.2 13.4 425.3 106.1 3.5 0.1 76.0 7.0 13.2 1.8
Post 07 Stockport RC01 42.2931 -73.7733 78-80 79.0 2.1 0.1 0.5 0.0 0.5 0.0 190.3 13.8 453.1 105.0 3.6 0.0 93.5 7.2 13.0 1.9
Post 07 Stockport RC01 42.2931 -73.7733 89-90 89.5 1.9 0.1 0.8 0.0 0.4 0.0 63.6 12.0 438.2 105.5 3.0 0.1 36.9 5.7 10.1 1.9
Post 07 Stockport RC01 42.2931 -73.7733 99-100 99.5 2.1 0.1 0.5 0.0 0.5 0.0 60.5 12.1 462.1 104.7 3.4 0.1 42.3 5.6 9.1 2.0
Post 07 Stockport RC01 42.2931 -73.7733 109-110 109.5 2.1 0.1 0.6 0.0 0.5 0.0 89.2 11.4 454.1 105.0 3.4 0.1 27.5 5.8 10.5 2.0
Pre 07 Stockport RC01 42.2931 -73.7733 119-120 119.5 1.9 0.1 0.4 0.0 0.5 0.0 77.1 11.7 352.7 108.8 3.2 0.1 28.8 5.7 8.7 2.1
Pre 07 Stockport RC01 42.2931 -73.7733 125-126 125.5 2.0 0.1 0.5 0.0 0.5 0.0 69.6 13.2 408.4 106.7 3.3 0.1 10.0 17.7 10.9 1.9
Post S6 09 Stockport SC 42.2931 -73.7733 0-5 2.5 2.0 0.1 0.7 0.0 0.5 0.0 74.1 11.7 1268.5 81.4 4.0 0.0 34.2 5.7 15.0 1.8
Post 08 Catskill RC01 42.2142 -73.8616 0-1 0.5 1.3 0.1 0.4 0.0 0.4 0.0 40.9 29.6 362.7 108.4 2.8 0.1 14.0 5.9 6.8 2.2
Post 08 Catskill RC01 42.2142 -73.8616 9-10 9.5 1.3 0.1 0.4 0.0 0.5 0.0 47.0 35.4 407.4 106.7 2.8 0.1 15.4 5.9 9.0 2.0
Post 08 Catskill RC01 42.2142 -73.8616 19-20 19.5 1.3 0.1 0.3 0.0 0.4 0.0 34.4 29.9 409.3 18.2 2.9 0.0 20.4 5.5 7.3 2.5
Post 08 Catskill RC01 42.2142 -73.8616 29-30 29.5 1.5 0.1 0.4 0.0 0.4 0.0 35.9 31.4 423.4 18.0 3.1 0.0 15.2 5.5 6.3 2.6
Post 08 Catskill RC01 42.2142 -73.8616 39-40 39.5 1.3 0.1 0.3 0.0 0.4 0.0 43.6 11.3 248.2 21.4 2.7 0.0 13.9 5.5 7.4 2.4
Post 08 Catskill RC01 42.2142 -73.8616 49-50 49.5 1.2 0.1 0.3 0.0 0.4 0.0 68.1 10.7 304.4 20.2 2.6 0.0 19.1 5.5 4.3 2.7
Post 08 Catskill RC01 42.2142 -73.8616 59-60 59.5 1.2 0.1 0.3 0.0 0.4 0.0 71.1 10.6 206.1 22.8 2.6 0.0 17.8 5.5 5.9 2.6
Post 08 Catskill RC01 42.2142 -73.8616 79-80 79.5 1.4 0.1 0.3 0.0 0.4 0.0 68.1 10.7 318.5 19.8 2.9 0.0 19.1 5.5 8.5 2.4
Post 08 Catskill RC01 42.2142 -73.8616 89-90 89.5 1.6 0.1 0.3 0.0 0.5 0.0 52.8 12.3 315.7 19.9 3.3 0.0 17.8 5.5 6.3 2.7
Post 08 Catskill RC01 42.2142 -73.8616 99-100 99.5 1.6 0.1 0.4 0.0 0.5 0.0 51.2 12.4 440.2 18.3 3.3 0.0 29.4 5.4 9.2 2.5
Post S4 08 Catskills 42.2142 -73.8616 0-5 2.5 1.4 0.1 0.3 0.0 0.4 0.0 40.9 29.6 431.3 105.7 2.8 0.1 20.8 5.8 9.2 2.0
Post S5 08 Catskills 42.2142 -73.8616 5-10 7.5 1.5 0.1 0.4 0.0 0.5 0.0 68.1 11.9 732.5 95.2 3.0 0.1 8.6 16.4 10.9 1.9
Post 08 Esopus RC01 42.0713 -73.9318 0-2 1.0 1.5 0.1 0.5 0.0 0.5 0.0 53.0 41.2 799.2 93.4 6.2 0.1 19.4 5.9 28.6 2.7
Post 08 Esopus RC01 42.0713 -73.9318 9-10 9.5 1.0 0.1 1.1 0.0 0.3 0.0 92.5 11.6 412.1 17.6 2.3 0.0 30.7 5.4 0.0 0.4
Post 08 Esopus RC01 42.0713 -73.9318 19-20 19.5 1.2 0.1 0.8 0.0 0.4 0.0 133.8 9.9 203.3 22.5 2.1 0.0 13.9 5.5 0.0 0.4
Post 08 Esopus RC01 42.0713 -73.9318 29-30 29.5 1.3 0.1 0.7 0.0 0.4 0.0 144.6 9.9 197.6 22.7 2.2 0.0 46.3 5.3 0.0 0.4
Post 08 Esopus RC01 42.0713 -73.9318 39-40 39.5 1.4 0.1 1.0 0.0 0.4 0.0 257.8 13.3 237.0 21.8 2.4 0.0 135.7 7.3 4.8 2.7
Post 08 Esopus RC01 42.0713 -73.9318 49-50 49.5 0.7 0.1 0.1 0.0 0.3 0.0 26.8 10.6 51.5 27.5 1.6 0.1 7.4 13.1 0.0 0.4
Post 08 Esopus RC01 42.0713 -73.9318 59-60 59.5 1.5 0.1 0.4 0.0 0.4 0.0 54.3 11.0 207.9 22.7 2.4 0.0 23.0 5.4 0.4 3.0
Post 08 Esopus RC01 42.0713 -73.9318 69-70 69.5 1.4 0.1 0.3 0.0 0.5 0.0 89.5 11.6 322.2 19.7 3.0 0.0 25.5 5.4 5.1 2.7
Post 08 Esopus RC01 42.0713 -73.9318 79-80 79.5 1.3 0.1 0.3 0.0 0.4 0.0 43.6 11.3 189.2 23.0 2.4 0.0 26.8 5.4 -0.2 3.0
Pre 08 Esopus RC01 42.0713 -73.9318 99-100 99.5 0.7 0.1 0.2 0.0 0.3 0.0 34.4 29.9 92.7 26.2 1.6 0.1 8.7 14.4 0.0 0.4








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
Post % % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Post 07 Tivoli RC-01 42.0409 -73.9207 0-1 0.5 2.1 0.1 0.8 0.1 0.5 0.0 82.1 12.3 1234.3 26.7 4.1 0.0 31.9 5.4 16.0 2.4
Post 07 Tivoli RC-01 42.0409 -73.9207 9-10 9.5 2.0 0.1 0.6 0.1 0.5 0.0 107.2 10.9 548.6 15.1 3.5 0.0 38.1 5.3 8.9 2.5
Post 07 Tivoli RC-01 42.0409 -73.9207 19-20 19.5 2.0 0.1 0.7 0.0 0.5 0.0 138.0 11.9 536.5 14.3 3.6 0.0 47.3 4.9 11.2 2.1
Post 07 Tivoli RC-01 42.0409 -73.9207 29-30 29.5 1.9 0.1 0.8 0.1 0.4 0.0 113.1 10.9 557.4 15.0 3.5 0.0 52.8 5.2 12.9 2.3
Post 07 Tivoli RC-01 42.0409 -73.9207 39-40 39.5 1.8 0.1 1.0 0.0 0.4 0.0 80.6 10.9 609.4 14.9 3.2 0.0 33.2 5.4 12.0 2.4
Post 07 Tivoli RC-01 42.0409 -73.9207 49-50 49.5 1.6 0.1 1.2 0.0 0.4 0.0 51.1 10.2 772.0 15.4 3.0 0.0 4.9 6.0 8.0 2.4
Pre 07 Tivoli RC-01 42.0409 -73.9207 59-60 59.5 1.5 0.1 1.2 0.0 0.3 0.0 66.3 10.2 536.5 14.3 2.8 0.0 22.1 4.2 8.9 2.4
Pre 07 Tivoli RC-01 42.0409 -73.9207 69-70 69.5 1.0 0.1 1.4 0.0 0.3 0.0 40.7 9.3 723.3 13.2 2.0 0.1 4.9 6.0 1.8 3.0
Pre 07 Tivoli RC-01 42.0409 -73.9207 79-80 79.5 0.9 0.1 1.5 0.0 0.3 0.0 48.1 9.0 633.7 12.0 1.9 0.1 13.5 5.8 0.0 0.4
Pre 07 Tivoli RC-01 42.0409 -73.9207 89-90 89.5 0.7 0.1 1.6 0.0 0.3 0.0 46.7 7.9 565.1 11.2 1.5 0.1 2.4 11.6 0.0 0.4
Pre 07 Tivoli RC-01 42.0409 -73.9207 99-100 99.5 0.6 0.1 1.5 0.0 0.2 0.0 42.2 8.1 544.1 11.4 1.5 0.1 3.7 12.8 0.0 0.4
Post 07Tivoli-RC-01 42.0409 -73.9207 0-1 0.5 2.2 0.0 0.7 0.0 0.6 0.0 89.0 9.1 1200.9 19.2 4.2 0.0 56.3 5.2 17.6 2.1
Post 07Tivoli-RC-01 42.0409 -73.9207 9-10 9.5 2.1 0.0 0.6 0.0 0.6 0.0 116.2 8.2 545.6 16.5 3.6 0.0 52.3 5.4 18.3 1.9
Post 07Tivoli-RC-01 42.0409 -73.9207 19-20 19.5 2.1 0.0 0.7 0.0 0.5 0.0 123.5 8.2 525.9 16.8 3.5 0.0 62.4 5.1 15.0 1.8
Post 07Tivoli-RC-01 42.0409 -73.9207 29-30 29.5 2.0 0.0 0.8 0.0 0.5 0.0 97.2 8.2 598.6 16.0 3.5 0.0 55.3 5.3 14.6 1.9
Post 07Tivoli-RC-01 42.0409 -73.9207 39-40 39.5 1.9 0.0 1.0 0.0 0.5 0.0 71.7 7.3 612.4 14.5 3.1 0.0 44.1 5.7 12.8 1.7
Post 07Tivoli-RC-01 42.0409 -73.9207 49-50 49.5 1.8 0.0 1.2 0.0 0.4 0.0 45.4 7.3 785.3 14.7 3.0 0.0 22.8 22.8 13.4 1.7
Pre 07Tivoli-RC-01 42.0409 -73.9207 59-60 59.5 1.5 0.0 1.3 0.0 0.3 0.0 45.4 7.3 795.1 14.7 2.9 0.0 36.0 6.3 11.2 1.7
Pre 07Tivoli-RC-01 42.0409 -73.9207 69-70 69.5 1.4 0.0 1.4 0.0 0.3 0.0 48.1 5.4 771.6 12.3 1.9 0.0 22.8 22.8 7.1 1.4
Pre 07Tivoli-RC-01 42.0409 -73.9207 79-80 79.5 1.3 0.0 1.5 0.0 0.3 0.0 32.7 4.5 642.9 11.7 1.7 0.0 29.9 5.3 6.0 1.2
Pre 07Tivoli-RC-01 42.0409 -73.9207 89-90 89.5 1.2 0.0 1.7 0.0 0.3 0.0 35.4 4.5 641.9 11.7 1.4 0.0 24.9 8.3 5.6 1.1
Pre 07Tivoli-RC-01 42.0409 -73.9207 97-98 97.5 1.1 0.0 1.6 0.0 0.2 0.0 30.9 4.5 603.6 10.6 1.4 0.0 21.8 21.8 3.5 3.5
Post 07 Tivoli RC02 42.0409 -73.9207 0-1 0.5 2.3 0.1 0.9 0.0 0.5 0.0 142.0 15.6 6785.1 279.3 5.5 0.1 58.5 6.9 13.4 2.2
Post 07 Tivoli RC02 42.0409 -73.9207 9-10 9.5 1.9 0.1 0.8 0.0 0.5 0.0 92.2 11.4 900.6 90.0 3.3 0.1 41.0 5.6 9.8 2.0
Post 07 Tivoli RC02 42.0409 -73.9207 19-20 19.5 1.6 0.1 0.9 0.0 0.4 0.0 162.9 11.4 773.7 19.6 2.9 0.0 65.7 5.3 7.2 2.6
Post 07 Tivoli RC02 42.0409 -73.9207 29-30 29.5 1.5 0.1 0.8 0.0 0.4 0.0 92.5 11.6 674.4 17.5 3.2 0.0 52.8 5.3 8.4 2.5
Post 07 Tivoli RC02 42.0409 -73.9207 39-40 39.5 1.2 0.1 0.7 0.0 0.3 0.0 54.3 11.0 556.4 16.5 2.8 0.0 34.6 5.4 2.8 2.8
Post 07 Tivoli RC02 42.0409 -73.9207 49-50 49.5 1.2 0.1 1.0 0.0 0.4 0.0 86.4 11.7 824.3 20.7 3.3 0.0 17.8 5.5 8.9 2.4
Pre 07 Tivoli RC02 42.0409 -73.9207 59-60 59.5 1.2 0.1 0.9 0.0 0.4 0.0 63.5 13.5 889.9 22.3 2.7 0.0 11.3 5.5 4.5 2.7
Pre 07 Tivoli RC02 42.0409 -73.9207 69-70 69.5 1.1 0.1 1.4 0.0 0.4 0.0 68.1 10.7 964.8 24.5 2.3 0.0 13.9 5.5 3.3 2.7
Pre 07 Tivoli RC02 42.0409 -73.9207 79-80 79.5 0.9 0.1 1.2 0.0 0.3 0.0 42.1 10.1 520.8 16.1 2.5 0.0 8.7 14.4 1.3 2.9
Pre 07 Tivoli RC02 42.0409 -73.9207 89-90 89.5 1.1 0.1 1.1 0.0 0.3 0.0 42.1 10.1 525.5 15.4 1.9 0.0 11.3 5.5 1.4 2.8
Pre 07 Tivoli RC02 42.0409 -73.9207 99-100 99.5 1.0 0.1 1.1 0.0 0.3 0.0 65.0 13.4 376.5 17.4 1.9 0.0 11.3 5.5 0.0 0.4
Post 07 Tivoli RC03 42.0337 -73.9162 0-1 0.5 2.1 0.1 1.0 0.0 0.5 0.0 134.5 12.7 1341.1 80.0 4.0 0.0 49.1 5.6 15.1 1.8
Post 07 Tivoli RC03 42.0337 -73.9162 9-10 9.5 2.1 0.1 0.7 0.0 0.5 0.0 173.7 13.4 622.2 98.9 3.7 0.0 77.3 7.0 13.8 1.8
Post 07 Tivoli RC03 42.0337 -73.9162 19-20 19.5 1.6 0.1 0.7 0.0 0.5 0.0 114.0 11.4 558.3 17.1 3.5 0.0 59.2 5.3 13.1 2.3
Post 07 Tivoli RC03 42.0337 -73.9162 29-30 29.5 1.5 0.1 0.9 0.0 0.4 0.0 69.6 12.0 586.4 17.1 3.3 0.0 47.6 5.3 9.3 2.5
Post 07 Tivoli RC03 42.0337 -73.9162 39-40 39.5 1.7 0.1 0.6 0.0 0.5 0.0 66.5 12.0 496.4 16.9 3.4 0.0 26.8 5.4 9.7 2.5
Pre 07 Tivoli RC03 42.0337 -73.9162 49-50 49.5 0.9 0.1 1.0 0.0 0.3 0.0 77.2 11.8 555.5 15.8 2.4 0.0 7.4 13.1 5.1 2.5
Pre 07 Tivoli RC03 42.0337 -73.9162 59-60 59.5 0.9 0.1 1.3 0.0 0.3 0.0 49.7 9.9 542.3 15.3 1.8 0.1 6.1 11.9 0.0 0.4
Pre 07 Tivoli RC03 42.0337 -73.9162 69-70 69.5 0.8 0.1 1.3 0.0 0.3 0.0 54.3 11.0 501.1 15.1 1.6 0.1 6.1 11.9 0.0 0.4








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Pre 07 Tivoli RC03 42.0337 -73.9162 89-90 89.5 0.5 0.1 1.8 0.0 0.2 0.0 35.9 31.4 415.0 16.1 1.2 0.1 7.4 13.1 0.0 0.4
Pre 07 Tivoli RC03 42.0337 -73.9162 99-100 99.5 0.5 0.1 2.1 0.0 0.2 0.0 32.9 28.4 340.0 17.5 1.0 0.1 6.1 11.9 0.0 0.4
Post S7 09 Bard Trapabed 42.0337 -73.9162 0-2 1.0 1.4 0.1 0.5 0.0 0.4 0.0 39.4 28.1 577.4 100.4 2.2 0.1 8.6 16.4 5.6 2.3
Post S8 09  Little Sawkill 42.0337 -73.9162 0-2 1.0 1.5 0.1 1.7 0.0 0.4 0.0 60.5 12.1 3078.2 102.2 3.5 0.1 11.3 6.0 7.7 2.2
Post 08 Rondout RC1 41.9190 -73.9810 0-1 0.5 1.6 0.1 1.1 0.0 0.4 0.0 57.5 12.2 787.2 93.4 4.2 0.0 32.9 5.7 13.5 1.9
Post 08 Rondout RC1 41.9190 -73.9810 9-10 9.5 1.5 0.1 1.0 0.0 0.4 0.0 65.1 10.7 336.8 109.3 2.9 0.1 73.3 7.0 11.5 2.0
Post 08 Rondout RC1 41.9190 -73.9810 19-20 19.5 1.3 0.1 0.7 0.0 0.4 0.0 75.7 11.8 276.3 21.0 3.4 0.0 80.0 6.7 11.3 2.7
Post 08 Rondout RC1 41.9190 -73.9810 29-30 29.5 1.0 0.1 0.8 0.0 0.4 0.0 107.8 10.0 241.7 21.6 2.9 0.0 96.8 6.8 3.5 2.8
Post 08 Rondout RC1 41.9190 -73.9810 39-40 39.5 1.1 0.1 0.3 0.0 0.4 0.0 94.1 10.2 133.0 25.0 2.2 0.0 35.9 5.4 1.5 2.9
Post 08 Rondout RC1 41.9190 -73.9810 49-50 49.5 0.2 0.1 0.2 0.0 0.2 0.0 944.7 51.1 369.1 19.1 3.2 0.0 77.4 7.9 13.1 2.5
Post 08 Rondout RC1 41.9190 -73.9810 59-60 59.5 0.9 0.1 0.3 0.0 0.4 0.0 40.5 11.4 189.2 23.0 2.8 0.0 55.4 5.3 8.2 2.5
Post 08 Rondout RC1 41.9190 -73.9810 69-70 69.5 1.3 0.1 0.4 0.0 0.4 0.0 51.2 12.4 370.0 19.1 3.6 0.0 183.6 9.3 8.2 2.6
Pre 08 Rondout RC1 41.9190 -73.9810 79-80 79.5 1.2 0.1 0.3 0.0 0.4 0.0 48.2 11.1 176.1 23.5 2.2 0.0 8.7 14.4 0.0 0.4
Pre 08 Rondout RC1 41.9190 -73.9810 89-90 89.5 1.3 0.1 0.3 0.0 0.4 0.0 42.1 10.1 217.3 22.4 2.2 0.0 13.9 5.5 1.3 2.9
Pre 08 Rondout RC1 41.9190 -73.9810 99-100 99.5 1.2 0.1 0.3 0.0 0.4 0.0 52.8 12.3 180.8 23.3 2.2 0.0 8.7 14.4 0.0 0.4
Post S1 08 Rondout 01 41.9190 -73.9810 0-2 1.0 1.4 0.1 1.6 0.0 0.4 0.0 43.9 32.4 758.4 94.4 4.1 0.0 50.4 5.6 18.2 1.8
Post 09 Norrie Point RC1 41.8390 -73.9323 0-2 1.0 2.0 0.1 0.9 0.0 0.5 0.0 89.2 11.4 2162.4 78.8 4.4 0.1 38.3 7.0 17.1 1.9
Post 09 Norrie Point RC1 41.8390 -73.9323 9-10 9.5 2.2 0.1 0.7 0.0 0.6 0.0 110.3 12.6 986.1 87.9 4.5 0.1 43.7 6.9 18.5 1.9
Post 09 Norrie Point RC1 41.8390 -73.9323 19-20 19.5 1.9 0.1 0.6 0.0 0.5 0.0 115.5 12.8 708.1 19.2 4.0 0.0 60.5 6.6 17.0 2.5
Post 09 Norrie Point RC1 41.8390 -73.9323 29-30 29.5 1.8 0.1 0.7 0.0 0.5 0.0 77.2 11.8 603.2 17.8 3.8 0.0 41.1 5.3 12.2 2.5
Post 09 Norrie Point RC1 41.8390 -73.9323 39-40 39.5 2.0 0.1 0.5 0.0 0.5 0.0 65.0 13.4 487.1 17.6 3.9 0.0 30.7 5.4 11.0 2.6
Post 09 Norrie Point RC1 41.8390 -73.9323 49-50 49.5 2.0 0.1 0.5 0.0 0.5 0.0 57.3 12.2 461.8 18.0 3.4 0.0 17.8 5.5 12.0 2.5
Pre 09 Norrie Point RC1 41.8390 -73.9323 59-60 59.5 1.9 0.1 0.5 0.0 0.5 0.0 58.9 12.2 413.1 18.2 3.3 0.0 10.0 15.7 8.6 2.6
Pre 09 Norrie Point RC1 41.8390 -73.9323 69-70 69.5 1.9 0.1 0.5 0.0 0.5 0.0 58.9 12.2 394.3 18.5 3.4 0.0 12.6 5.5 9.5 2.6
Pre 09 Norrie Point RC1 41.8390 -73.9323 79-80 79.5 1.8 0.1 0.5 0.0 0.5 0.0 61.9 12.1 379.4 18.8 3.2 0.0 12.6 5.5 11.7 2.4
Pre 09 Norrie Point RC1 41.8390 -73.9323 86-87 86.5 1.8 0.1 0.5 0.0 0.5 0.0 66.5 12.0 356.9 19.4 3.2 0.0 10.0 15.7 4.6 2.8
Post 07 Marlboro RC1 41.6023 -73.9593 0-1 0.5 1.3 0.0 1.7 0.0 0.4 0.0 122.3 9.0 3540.6 33.7 4.2 0.0 76.6 4.9 7.8 1.2
Post 07 Marlboro RC1 41.6023 -73.9593 9-10 9.5 1.4 0.0 1.0 0.0 0.4 0.0 113.8 7.9 398.9 11.7 3.0 0.0 166.6 5.6 6.2 0.8
Post 07 Marlboro RC1 41.6023 -73.9593 19-20 19.5 1.3 0.0 1.0 0.0 0.3 0.0 80.6 7.7 463.8 12.6 3.0 0.0 84.9 4.9 7.7 0.9
Post 07 Marlboro RC1 41.6023 -73.9593 29-30 29.5 1.4 0.0 0.9 0.0 0.4 0.0 99.9 6.9 409.5 14.2 4.4 0.0 68.3 5.1 19.0 1.9
Post 07 Marlboro RC1 41.6023 -73.9593 39-40 39.5 1.4 0.0 1.0 0.0 0.4 0.0 117.0 7.9 360.6 16.0 4.8 0.0 69.4 13.9 14.7 4.5
Post 07 Marlboro RC1 41.6023 -73.9593 49-50 49.5 1.5 0.0 1.1 0.0 0.4 0.0 108.4 7.9 447.8 15.2 4.7 0.0 57.0 5.3 21.0 2.0
Post 07 Marlboro RC1 41.6023 -73.9593 59-60 59.5 1.6 0.0 1.0 0.0 0.4 0.0 97.7 9.8 454.2 16.4 4.9 0.0 58.0 6.6 27.8 2.3
Post 07 Marlboro RC1 41.6023 -73.9593 69-70 69.5 1.8 0.0 2.5 0.0 0.4 0.0 71.0 7.6 482.9 13.8 3.3 0.0 53.9 5.4 9.7 1.1
Post 07 Marlboro RC1 41.6023 -73.9593 79-80 79.5 1.6 0.0 0.8 0.0 0.4 0.0 104.2 8.8 381.8 14.4 3.6 0.0 35.2 6.4 10.9 1.3
Pre 07 Marlboro RC1 41.6023 -73.9593 89-90 89.5 1.7 0.0 0.7 0.0 0.4 0.0 58.1 5.5 358.4 14.7 3.9 0.0 35.2 6.4 13.8 1.6








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Post 09 Wappinger RC1 41.4866 -73.9634 0-1 0.5 1.7 0.1 1.0 0.0 0.4 0.0 54.5 12.3 624.2 98.9 3.6 0.0 53.1 6.9 13.1 1.9
Post 09 Wappinger RC1 41.4866 -73.9634 9-10 9.5 1.7 0.1 1.0 0.0 0.4 0.0 77.1 11.7 565.5 101.0 3.4 0.1 55.8 5.6 11.1 1.9
Post 09 Wappinger RC1 41.4866 -73.9634 19-20 19.5 1.7 0.1 0.9 0.0 0.4 0.0 58.9 12.2 540.5 17.9 3.5 0.0 63.1 6.6 13.4 2.5
Post 09 Wappinger RC1 41.4866 -73.9634 29-30 29.5 1.6 0.1 0.8 0.0 0.4 0.0 156.8 12.8 480.5 17.7 3.2 0.0 109.8 6.9 10.5 2.5
Post 09 Wappinger RC1 41.4866 -73.9634 39-40 39.5 1.7 0.1 0.9 0.0 0.4 0.0 199.6 13.3 608.9 17.8 3.5 0.0 100.7 6.8 8.9 2.6
Post 09 Wappinger RC1 41.4866 -73.9634 49-50 49.5 1.8 0.1 0.8 0.0 0.4 0.0 149.1 12.8 491.8 17.6 3.7 0.0 165.5 8.9 9.8 2.6
Post 09 Wappinger RC1 41.4866 -73.9634 59-60 59.5 1.4 0.1 0.8 0.0 0.3 0.0 331.2 17.1 370.0 19.1 3.3 0.0 81.3 6.7 8.5 2.4
Post 09 Wappinger RC1 41.4866 -73.9634 69-70 69.5 1.6 0.1 0.8 0.0 0.4 0.0 531.6 28.1 419.6 18.0 3.1 0.0 76.1 6.6 8.8 2.5
Post 09 Wappinger RC1 41.4866 -73.9634 79-80 79.5 1.8 0.1 0.7 0.0 0.5 0.0 1952.8 110.6 405.6 19.5 3.6 0.0 279.5 12.5 10.9 2.5
Post 09 Wappinger RC1 41.4866 -73.9634 89-90 89.5 1.7 0.1 0.8 0.0 0.4 0.0 207.3 13.4 480.5 17.7 3.5 0.0 95.5 6.8 6.8 2.7
Post 09 Wappinger RC1 41.4866 -73.9634 96-97 96.5 1.5 0.1 0.7 0.0 0.4 0.0 178.2 11.5 341.0 19.2 3.0 0.0 82.6 6.7 5.0 2.7
Post S13 09 Wappinger 41.4866 -73.9634 0-2 1.0 1.7 0.1 2.5 0.0 0.4 0.0 75.6 13.1 3254.2 109.0 3.4 0.1 35.6 5.7 11.3 1.9
Post 09 Con RC01 41.4033 -73.9389 0-1 0.5 2.3 0.1 0.7 0.0 0.5 0.0 101.5 16.4 3235.3 183.5 4.6 0.0 32.6 7.0 18.1 3.3
Post 09 Con RC01 41.4033 -73.9389 0-2 1.0 2.1 0.1 0.6 0.0 0.4 0.0 91.0 17.0 529.4 23.8 3.8 0.0 51.1 6.9 17.7 2.9
Post 09 Con RC01 41.4033 -73.9389 9-10 9.5 2.3 0.1 0.6 0.0 0.5 0.0 91.0 17.0 681.1 24.9 3.8 0.0 40.5 7.0 11.5 3.0
Post 09 Con RC01 41.4033 -73.9389 19-20 19.5 2.2 0.1 0.5 0.0 0.5 0.0 136.0 15.1 551.1 23.6 3.8 0.0 65.7 6.9 19.4 2.9
Post 09 Con RC01 41.4033 -73.9389 29-30 29.5 1.9 0.1 0.6 0.0 0.4 0.0 160.0 15.0 574.6 23.5 4.1 0.0 104.0 7.2 23.4 3.1
Post 09 Con RC01 41.4033 -73.9389 39-40 39.5 1.5 0.0 0.7 0.0 0.3 0.0 74.5 16.2 442.7 24.1 2.7 0.0 45.8 5.7 4.3 2.9
Post 09 Con RC01 41.4033 -73.9389 49-50 49.5 0.7 0.1 0.8 0.0 0.3 0.0 45.9 17.5 390.9 25.1 1.7 0.1 6.1 13.6 0.0 0.4
Pre 09 Con RC01 41.4033 -73.9389 59-60 59.5 0.5 0.1 1.3 0.0 0.2 0.0 41.4 17.9 569.9 21.7 1.7 0.1 4.8 12.4 0.0 0.4
Pre 09 Con RC01 41.4033 -73.9389 69-70 69.5 0.2 0.1 0.9 0.0 0.2 0.0 33.9 18.3 311.8 27.8 1.2 0.1 3.5 11.1 0.0 0.4
Pre 09 Con RC01 41.4033 -73.9389 79-80 79.5 0.6 0.1 0.9 0.0 0.2 0.0 36.9 18.4 339.1 26.8 1.7 0.1 3.5 11.1 0.0 0.4
Pre 09 Con RC01 41.4033 -73.9389 89-90 89.5 0.7 0.1 1.0 0.0 0.3 0.0 35.4 26.2 346.6 26.8 2.1 0.1 4.8 12.4 1.3 2.8
Pre 09 Con RC01 41.4033 -73.9389 99-100 99.5 0.8 0.1 1.2 0.0 0.3 0.0 41.4 17.9 323.1 29.2 1.8 0.1 4.8 12.4 0.0 0.4
Post 07 Manitou RC01 41.4000 -74.0000 10-12 11.0 1.5 0.1 0.8 0.1 0.4 0.0 110.2 9.5 402.5 14.6 2.9 0.0 45.5 5.3 9.1 2.3
Post 07 Manitou RC01 41.4000 -74.0000 20-22 21.0 1.2 0.1 0.7 0.1 0.3 0.0 95.4 8.0 280.9 15.2 2.4 0.0 60.2 5.2 3.3 2.8
Post 07 Manitou RC01 41.4000 -74.0000 29-30 30.0 1.4 0.1 0.7 0.1 0.4 0.0 73.2 9.6 287.5 15.7 2.9 0.0 86.0 5.5 8.9 2.4
Post 07 Manitou RC01 41.4000 -74.0000 39-41 40.0 1.5 0.1 0.8 0.1 0.4 0.0 58.5 9.9 321.8 15.1 2.8 0.0 82.3 5.4 3.7 2.9
Post 07 Manitou RC01 41.4000 -74.0000 49-51 50.0 0.7 0.1 1.3 0.0 0.2 0.0 36.3 9.5 342.8 14.0 2.1 0.1 41.8 5.3 1.3 3.0
Pre 07 Manitou RC01 41.4000 -74.0000 60-62 61.0 0.5 0.1 1.1 0.0 0.2 0.0 26.0 17.6 277.6 14.1 1.6 0.1 38.1 5.3 -1.2 3.3
Pre 07 Manitou RC01 41.4000 -74.0000 69-71 70.0 0.3 0.1 1.2 0.0 0.2 0.0 35.4 26.2 124.3 37.4 1.3 0.1 4.8 12.4 -8.0 3.6
Pre 07 Manitou RC01 41.4000 -74.0000 79-81 80.0 0.5 0.1 1.2 0.0 0.2 0.0 28.9 8.0 283.1 14.0 1.2 0.1 2.4 11.6 -6.0 3.9
Pre 07 Manitou RC01 41.4000 -74.0000 90-92 91.0 0.8 0.1 1.0 0.0 0.3 0.0 39.9 18.1 105.4 38.6 1.7 0.1 6.1 13.6 1.8 2.8
Post IONA-07-RC-01 41.3023 -73.9751 1-4 2.5 1.4 0.0 0.8 0.0 0.3 0.0 75.3 6.7 1544.7 17.9 3.2 0.0 38.3 6.1 7.8 1.1
Post IONA-07-RC-01 41.3023 -73.9751 4-5 4.5 1.3 0.0 0.6 0.0 0.3 0.0 72.1 5.7 677.6 11.9 2.5 0.0 39.4 4.5 -1.3 -0.3
Post IONA-07-RC-01 41.3023 -73.9751 5-6.3 5.7 1.5 0.0 0.6 0.0 0.3 0.0 66.7 6.6 505.2 12.4 2.9 0.0 45.6 5.7 5.7 0.7
Post IONA-07-RC-01 41.3023 -73.9751 6.3-7.6 7.0 1.3 0.0 0.6 0.0 0.3 0.0 68.8 5.7 662.7 11.9 2.7 0.0 38.3 6.1 6.6 0.8
Post IONA-07-RC-01 41.3023 -73.9751 7.6-8.9 8.3 1.6 0.0 0.6 0.0 0.3 0.0 60.3 6.5 466.9 12.6 2.9 0.0 41.4 5.9 6.3 0.8
Post IONA-07-RC-01 41.3023 -73.9751 9-10 9.5 1.6 0.0 0.5 0.0 0.4 0.0 68.8 5.7 338.2 12.2 2.9 0.0 43.5 5.8 2.6 0.4
Post IONA-07-RC-01 41.3023 -73.9751 10-11 10.5 1.4 0.0 0.6 0.0 0.3 0.0 78.5 6.7 329.7 10.9 2.7 0.0 35.2 6.4 4.4 0.6








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Post IONA-07-RC-01 41.3023 -73.9751 12-13 12.5 1.2 0.0 0.6 0.0 0.3 0.0 72.1 5.7 288.2 9.9 2.2 0.0 44.5 5.7 2.5 0.3
Post IONA-07-RC-01 41.3023 -73.9751 13-14 13.5 1.4 0.0 0.5 0.0 0.3 0.0 79.5 6.7 293.5 11.3 2.8 0.0 49.7 5.5 1.9 0.3
Post IONA-07-RC-01 41.3023 -73.9751 14-15 14.5 1.7 0.0 0.5 0.0 0.4 0.0 117.0 7.9 315.9 12.4 3.2 0.0 59.0 5.2 7.3 1.0
Post IONA-07-RC-01 41.3023 -73.9751 15-16 15.5 1.7 0.0 0.5 0.0 0.4 0.0 111.6 7.9 304.2 12.6 3.3 0.0 47.6 5.6 6.8 0.9
Post IONA-07-RC-01 41.3023 -73.9751 16-17 16.5 1.7 0.0 0.5 0.0 0.4 0.0 143.7 9.0 291.4 14.1 3.5 0.0 61.1 5.2 8.1 1.1
Post IONA-07-RC-01 41.3023 -73.9751 17-18 17.5 1.8 0.0 0.4 0.0 0.4 0.0 136.3 8.0 310.6 13.9 3.4 0.0 66.3 5.1 9.3 1.1
Post IONA-07-RC-01 41.3023 -73.9751 18-19 18.5 1.7 0.0 0.5 0.0 0.4 0.0 151.2 9.1 321.2 13.7 3.6 0.0 61.1 5.2 11.5 1.3
Post IONA-07-RC-01 41.3023 -73.9751 19-20 19.5 1.5 0.0 0.6 0.0 0.4 0.0 107.4 7.9 291.4 14.1 3.7 0.0 72.5 5.0 15.5 1.5
Post IONA-07-RC-01 41.3023 -73.9751 20-21 20.5 1.7 0.0 0.5 0.0 0.4 0.0 114.9 7.9 342.5 13.5 3.8 0.0 55.9 5.3 7.4 1.1
Post IONA-07-RC-01 41.3023 -73.9751 21-22 21.5 1.5 0.0 0.6 0.0 0.3 0.0 109.5 7.9 318.0 13.8 3.6 0.0 71.4 5.0 11.1 1.3
Post IONA-07-RC-01 41.3023 -73.9751 22-23 22.5 1.3 0.0 0.7 0.0 0.3 0.0 99.9 6.9 328.6 12.3 3.2 0.0 80.7 4.9 8.9 1.1
Post IONA-07-RC-01 41.3023 -73.9751 23-24 23.5 0.9 0.0 0.7 0.0 0.2 0.0 68.8 5.7 282.9 11.4 2.9 0.0 61.1 5.2 7.5 0.8
Post IONA-07-RC-01 41.3023 -73.9751 24-25 24.5 0.7 0.0 1.0 0.0 0.1 0.0 42.1 4.4 337.2 9.5 2.1 0.0 63.2 5.2 2.8 0.4
Post IONA-07-RC-01 41.3023 -73.9751 25-26 25.5 0.9 0.0 0.8 0.0 0.2 0.0 88.1 5.8 481.8 11.3 2.8 0.0 92.1 4.8 3.4 0.5
Post IONA-07-RC-01 41.3023 -73.9751 26-27 26.5 0.9 0.0 0.9 0.0 0.2 0.0 81.7 5.8 410.6 11.6 3.0 0.0 99.4 4.7 3.4 0.5
Post IONA-07-RC-01 41.3023 -73.9751 27-28 27.5 1.5 0.0 0.7 0.0 0.3 0.0 113.8 7.9 406.3 12.9 3.4 0.0 104.5 4.7 9.2 1.1
Post IONA-07-RC-01 41.3023 -73.9751 28-29 28.5 1.6 0.0 0.7 0.0 0.3 0.0 108.4 7.9 362.7 13.3 3.5 0.0 114.9 5.8 8.6 1.1
Post IONA-07-RC-01 41.3023 -73.9751 29-30 29.5 1.5 0.0 0.8 0.0 0.3 0.0 80.6 7.7 412.7 12.9 4.0 0.0 98.3 5.9 26.4 1.9
Post IONA-07-RC-01 41.3023 -73.9751 30-31 30.5 1.4 0.0 0.7 0.0 0.3 0.0 92.4 8.8 416.9 14.2 4.8 0.0 68.3 5.1 18.0 1.8
Post IONA-07-RC-01 41.3023 -73.9751 31-32 31.5 1.7 0.0 0.8 0.0 0.3 0.0 327.8 12.5 2263.9 26.4 4.9 0.0 62.1 6.5 8.4 1.4
Post IONA-07-RC-01 41.3023 -73.9751 32-33 32.5 1.7 0.0 0.7 0.0 0.3 0.0 268.9 11.4 2841.6 30.6 5.1 0.0 59.0 5.2 4.5 0.9
Post IONA-07-RC-01 41.3023 -73.9751 33-34 33.5 1.6 0.0 0.6 0.0 0.3 0.0 123.4 9.0 1102.1 18.2 4.6 0.0 72.5 5.0 13.7 1.6
Post IONA-07-RC-01 41.3023 -73.9751 34-35 34.5 1.3 0.0 0.8 0.0 0.3 0.0 53.9 7.3 421.2 12.8 3.7 0.0 60.1 5.2 12.0 1.3
Post IONA-07-RC-01 41.3023 -73.9751 35-36 35.5 1.3 0.0 0.7 0.0 0.3 0.0 74.2 7.6 347.8 13.4 3.9 0.0 37.3 6.2 11.4 1.4
Post IONA-07-RC-01 41.3023 -73.9751 36-37 36.5 1.2 0.0 0.6 0.0 0.3 0.0 53.9 7.3 347.8 13.4 4.2 0.0 55.9 5.3 13.2 1.6
Post IONA-07-RC-01 41.3023 -73.9751 37-38 37.5 1.4 0.0 0.5 0.0 0.3 0.0 84.9 7.7 297.8 14.0 4.0 0.0 53.9 5.4 15.2 1.7
Post IONA-07-RC-01 41.3023 -73.9751 38-39 38.5 1.5 0.0 0.7 0.0 0.3 0.0 51.7 7.3 304.2 12.6 3.9 0.0 39.4 4.5 10.7 1.3
Post IONA-07-RC-01 41.3023 -73.9751 39-40 39.5 1.5 0.0 0.8 0.0 0.3 0.0 52.8 7.3 373.3 13.2 3.7 0.0 36.3 6.3 9.3 1.1
Post IONA-07-RC-01 41.3023 -73.9751 40-41 40.5 1.4 0.0 0.7 0.0 0.3 0.0 44.2 7.1 315.9 12.4 3.7 0.0 32.1 6.8 14.9 1.5
Post IONA-07-RC-01 41.3023 -73.9751 41-42 41.5 1.3 0.0 0.6 0.0 0.3 0.0 72.1 5.7 354.2 12.0 3.1 0.0 30.1 7.1 4.9 0.7
Post IONA-07-RC-01 41.3023 -73.9751 42-43 42.5 1.2 0.0 0.5 0.0 0.3 0.0 53.9 7.3 341.4 12.1 2.9 0.0 29.0 7.3 4.4 0.6
Post IONA-07-RC-01 41.3023 -73.9751 43-44 43.5 1.1 0.0 0.7 0.0 0.3 0.0 33.5 5.0 315.9 12.4 2.7 0.0 28.0 7.5 4.5 0.6
Post IONA-07-RC-01 41.3023 -73.9751 44-45 44.5 1.0 0.0 1.0 0.0 0.2 0.0 31.4 5.0 352.0 10.7 2.7 0.0 22.8 6.8 6.0 0.8
Post IONA-07-RC-01 41.3023 -73.9751 45-46 45.5 1.0 0.0 0.9 0.0 0.3 0.0 50.7 5.4 291.4 14.1 3.0 0.0 23.9 6.5 6.2 0.8
Post IONA-07-RC-01 41.3023 -73.9751 46-47 46.5 1.1 0.0 0.7 0.0 0.3 0.0 46.4 5.4 318.0 13.8 3.0 0.0 22.8 6.8 6.8 0.9
Post IONA-07-RC-01 41.3023 -73.9751 47-48 47.5 1.1 0.0 0.7 0.0 0.3 0.0 64.6 6.6 369.1 11.9 3.0 0.0 22.8 6.8 5.4 0.8
Post IONA-07-RC-01 41.3023 -73.9751 48-49 48.5 1.4 0.0 0.7 0.0 0.3 0.0 50.7 5.4 342.5 13.5 3.0 0.0 22.8 6.8 5.5 0.7
Post IONA-07-RC-01 41.3023 -73.9751 49-50 49.5 1.5 0.0 0.7 0.0 0.3 0.0 38.9 6.0 328.6 12.3 2.8 0.0 23.9 6.5 5.7 0.8
Post IONA-07-RC-01 41.3023 -73.9751 50-51 50.5 1.5 0.0 0.6 0.0 0.3 0.0 61.4 6.5 288.2 9.9 2.8 0.0 22.8 6.8 2.7 0.4








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Post IONA-07-RC-01 41.3023 -73.9751 52-53 52.5 1.4 0.0 0.7 0.0 0.3 0.0 58.1 5.5 338.2 12.2 2.4 0.0 22.8 6.8 4.2 0.5
Post IONA-07-RC-01 41.3023 -73.9751 53-54 53.5 1.4 0.0 0.7 0.0 0.3 0.0 47.4 5.4 286.1 11.4 2.3 0.0 22.8 6.8 3.0 0.4
Post IONA-07-RC-01 41.3023 -73.9751 54-55 54.5 1.3 0.0 0.7 0.0 0.3 0.0 35.7 5.1 318.0 13.8 2.3 0.0 22.8 6.8 4.3 0.5
Post IONA-07-RC-01 41.3023 -73.9751 55-56 55.5 1.3 0.0 0.7 0.0 0.3 0.0 48.5 5.4 285.0 11.4 2.1 0.0 22.8 6.8 0.0 0.4
Post IONA-07-RC-01 41.3023 -73.9751 56-57 56.5 1.3 0.0 0.7 0.0 0.3 0.0 58.1 5.5 293.5 11.3 2.0 0.0 22.8 6.8 0.0 0.4
Post IONA-07-RC-01 41.3023 -73.9751 57-58 57.5 1.3 0.0 0.7 0.0 0.3 0.0 43.2 5.3 298.8 9.8 2.0 0.0 22.8 6.8 0.0 0.4
Post IONA-07-RC-01 41.3023 -73.9751 58-59 58.5 1.2 0.0 0.7 0.0 0.3 0.0 46.4 5.4 295.7 9.9 2.0 0.0 22.8 6.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 59-60 59.5 1.1 0.0 0.9 0.0 0.3 0.0 16.4 3.4 316.9 11.0 1.8 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 60-61 60.5 1.1 0.0 0.7 0.0 0.3 0.0 34.6 4.2 269.1 10.2 2.1 0.0 22.8 6.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 61-62 61.5 1.0 0.0 0.8 0.0 0.3 0.0 33.5 5.0 293.5 11.3 1.9 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 62-63 62.5 1.0 0.0 1.0 0.0 0.2 0.0 27.1 4.0 359.5 9.3 1.8 0.0 22.8 6.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 63-64 63.5 0.9 0.0 0.9 0.0 0.2 0.0 30.3 4.1 312.7 9.7 1.6 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 64-65 64.5 0.8 0.0 1.1 0.0 0.2 0.0 17.5 2.8 332.9 8.2 1.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 65-66 65.5 0.8 0.0 1.0 0.0 0.2 0.0 27.1 4.0 309.5 8.3 1.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 66-67 66.5 0.8 0.0 1.1 0.0 0.2 0.0 16.4 3.4 340.3 8.1 1.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 67-68 67.5 0.7 0.0 1.1 0.0 0.2 0.0 12.1 2.4 365.9 8.0 1.3 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 68-69 68.5 0.7 0.0 1.2 0.0 0.2 0.0 18.6 2.9 337.2 9.5 1.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 69-70 69.5 0.8 0.0 1.1 0.0 0.2 0.0 16.4 3.4 345.7 9.4 1.6 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 70-71 70.5 0.7 0.0 0.9 0.0 0.2 0.0 17.5 2.8 286.1 11.4 2.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 71-72 71.5 0.8 0.0 0.9 0.0 0.2 0.0 29.3 4.9 281.8 11.4 2.6 0.0 21.8 21.8 4.8 0.6
Pre IONA-07-RC-01 41.3023 -73.9751 72-73 72.5 0.7 0.0 0.9 0.0 0.2 0.0 25.0 3.9 321.2 13.7 2.2 0.0 22.8 6.8 0.4 0.1
Pre IONA-07-RC-01 41.3023 -73.9751 73-74 73.5 0.7 0.0 1.1 0.0 0.2 0.0 18.6 2.9 340.3 8.1 1.7 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 74-75 74.5 0.6 0.0 1.2 0.0 0.2 0.0 11.1 2.3 331.8 8.2 1.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 75-76 75.5 0.6 0.0 1.2 0.0 0.1 0.0 23.9 3.1 336.1 8.1 1.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 76-77 76.5 0.5 0.0 1.2 0.0 0.1 0.0 6.8 1.8 344.6 8.1 1.2 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 77-78 77.5 0.6 0.0 1.3 0.0 0.1 0.0 12.1 2.4 361.6 8.0 1.2 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 78-79 78.5 0.6 0.0 1.2 0.0 0.1 0.0 15.4 2.7 354.2 12.0 1.1 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 79-80 79.5 0.6 0.0 1.2 0.0 0.2 0.0 12.1 2.4 310.6 13.9 1.1 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 80-81 80.5 0.5 0.0 1.1 0.0 0.1 0.0 7.9 2.0 324.4 8.2 1.2 0.0 20.8 20.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 81-82 81.5 0.7 0.0 1.1 0.0 0.2 0.0 15.4 2.7 335.0 8.1 1.2 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 82-83 82.5 0.8 0.0 0.9 0.0 0.2 0.0 20.7 3.0 287.1 8.5 1.4 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 83-84 83.5 0.8 0.0 0.9 0.0 0.2 0.0 20.7 3.0 271.2 8.7 1.6 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 84-85 84.5 0.8 0.0 1.0 0.0 0.2 0.0 15.4 2.7 292.5 8.5 1.6 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 85-86 85.5 0.7 0.0 1.1 0.0 0.2 0.0 22.8 3.0 284.0 8.6 1.6 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 86-87 86.5 0.7 0.0 1.1 0.0 0.2 0.0 26.1 3.2 291.4 14.1 1.5 0.0 61.1 5.2 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 87-88 87.5 0.8 0.0 1.0 0.0 0.2 0.0 30.3 4.1 262.7 8.8 1.7 0.0 59.0 5.2 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 88-89 88.5 0.8 0.0 0.9 0.0 0.2 0.0 30.3 4.1 259.5 8.8 1.7 0.0 21.8 21.8 0.0 0.4








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Pre IONA-07-RC-01 41.3023 -73.9751 90-91 90.5 0.7 0.0 1.0 0.0 0.2 0.0 19.6 3.6 253.1 10.4 2.0 0.0 25.9 6.0 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 91-92 91.5 0.8 0.0 1.0 0.0 0.2 0.0 25.0 3.9 265.9 10.2 1.9 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 92-93 92.5 0.8 0.0 1.0 0.0 0.2 0.0 27.1 4.0 282.9 11.4 1.8 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 93-94 93.5 0.8 0.0 1.1 0.0 0.2 0.0 38.9 6.0 288.2 9.9 1.9 0.0 22.8 6.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 94-95 94.5 0.8 0.0 1.0 0.0 0.2 0.0 22.8 3.0 265.9 10.2 1.6 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 95-96 95.5 0.7 0.0 1.1 0.0 0.2 0.0 22.8 3.0 254.2 8.9 1.6 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 96-97 96.5 0.8 0.0 1.0 0.0 0.2 0.0 22.8 3.0 266.9 8.8 1.5 0.0 21.8 21.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 97-98 97.5 0.8 0.0 1.1 0.0 0.2 0.0 29.3 4.9 290.3 9.9 1.5 0.0 22.8 6.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 98-99 98.5 0.8 0.0 1.0 0.0 0.2 0.0 38.9 6.0 255.2 10.4 1.9 0.0 22.8 6.8 0.0 0.4
Pre IONA-07-RC-01 41.3023 -73.9751 99-100 99.5 1.0 0.0 1.0 0.0 0.2 0.0 29.3 4.9 286.1 11.4 1.6 0.0 21.8 21.8 0.0 0.4
Post 09 Croton RC1 41.1982 -73.8693 0-1 0.5 1.1 0.1 0.9 0.0 0.3 0.0 59.0 12.1 1372.9 78.9 4.0 0.0 34.2 5.7 13.8 1.9
Post 09 Croton RC1 41.1982 -73.8693 9-10 9.5 1.5 0.1 0.8 0.0 0.4 0.0 137.5 11.3 490.9 103.5 3.0 0.1 49.1 5.6 11.9 1.8
Post 09 Croton RC1 41.1982 -73.8693 19-20 19.5 1.3 0.1 0.5 0.0 0.4 0.0 63.5 13.5 472.1 17.8 4.4 0.0 78.7 6.7 26.5 2.9
Post 09 Croton RC1 41.1982 -73.8693 29-30 29.5 1.4 0.1 0.9 0.0 0.4 0.0 103.2 12.9 592.9 17.7 4.5 0.0 99.4 6.8 20.2 2.7
Post 09 Croton RC1 41.1982 -73.8693 39-40 39.5 1.7 0.1 0.5 0.0 0.4 0.0 54.3 11.0 403.7 18.3 3.5 0.0 38.5 5.3 19.0 2.4
Post 09 Croton RC1 41.1982 -73.8693 49-50 49.5 1.3 0.1 0.5 0.0 0.3 0.0 78.8 10.4 385.9 18.2 3.2 0.0 8.7 14.4 8.8 2.5
Post 09 Croton RC1 41.1982 -73.8693 59-60 59.5 1.6 0.1 0.4 0.0 0.4 0.0 51.2 12.4 475.8 17.8 4.0 0.0 8.7 14.4 18.2 2.6
Pre 09 Croton RC1 41.1982 -73.8693 69-70 69.5 1.4 0.1 0.5 0.0 0.4 0.0 37.5 32.9 403.7 18.3 3.7 0.0 8.7 14.4 15.4 2.5
Pre 09 Croton RC1 41.1982 -73.8693 79-80 79.5 1.3 0.1 0.6 0.0 0.4 0.0 52.8 12.3 81.5 26.4 1.5 0.1 7.4 13.1 0.0 0.4
Pre 09 Croton RC1 41.1982 -73.8693 89-90 89.5 1.3 0.1 0.6 0.0 0.4 0.0 52.8 12.3 93.7 25.9 1.5 0.1 7.4 13.1 0.0 0.4
Pre 09 Croton RC1 41.1982 -73.8693 99-100 99.5 1.1 0.1 0.7 0.0 0.3 0.0 43.6 11.3 136.7 24.5 1.6 0.1 7.4 13.1 0.0 0.4
Post Piermont07-RC-01 41.0290 -73.9069 0-1 0.5 1.9 0.0 0.4 0.0 0.4 0.0 107.2 9.1 469.9 17.7 4.8 0.0 37.0 6.2 20.9 2.3
Post Piermont07-RC-01 41.0290 -73.9069 9-10 9.5 1.6 0.0 0.4 0.0 0.3 0.0 122.6 7.3 264.6 19.2 2.6 0.0 72.6 4.9 9.2 1.6
Post Piermont07-RC-01 41.0290 -73.9069 19-20 19.5 1.6 0.0 0.4 0.0 0.4 0.0 134.4 7.3 280.3 20.0 3.1 0.0 111.1 5.7 11.1 1.7
Post Piermont07-RC-01 41.0290 -73.9069 29-30 29.5 1.4 0.0 0.5 0.0 0.3 0.0 96.3 6.4 274.4 18.3 2.6 0.0 77.6 4.9 11.5 1.5
Post Piermont07-RC-01 41.0290 -73.9069 39-40 39.5 1.8 0.0 0.4 0.0 0.4 0.0 89.0 9.1 305.9 18.1 3.1 0.0 62.4 5.1 13.0 1.7
Post Piermont07-RC-01 41.0290 -73.9069 49-50 49.5 1.8 0.0 0.5 0.0 0.4 0.0 65.4 7.3 272.5 23.1 3.3 0.0 24.9 8.3 17.8 1.8
Pre Piermont07-RC-01 41.0290 -73.9069 59-60 59.5 1.7 0.0 0.5 0.0 0.4 0.0 80.8 7.3 275.4 22.8 3.5 0.0 23.8 23.8 16.4 1.9
Pre Piermont07-RC-01 41.0290 -73.9069 69-70 69.5 1.8 0.0 0.4 0.0 0.4 0.0 69.0 7.3 321.6 19.1 3.0 0.0 23.8 23.8 13.6 1.8
Pre Piermont07-RC-01 41.0290 -73.9069 79-80 79.5 1.8 0.0 0.4 0.0 0.4 0.0 62.7 6.4 276.4 20.4 2.4 0.0 23.8 23.8 12.5 1.5
Pre Piermont07-RC-01 41.0290 -73.9069 89-90 89.5 1.3 0.0 0.7 0.0 0.3 0.0 41.8 7.3 408.0 17.5 3.7 0.0 23.8 23.8 18.7 1.9
Pre 98PMT 41.0290 -73.9069 88-92 90.0 1.1 0.1 0.5 0.1 0.3 0.0 51.1 10.2 361.6 16.0 3.8 0.0 4.9 6.0 9.5 2.6
Pre 98PMT 41.0290 -73.9069 96-100 98.0 0.9 0.1 0.5 0.1 0.3 0.0 43.7 10.4 346.1 15.4 2.9 0.0 4.9 6.0 1.7 3.1
Pre 98PMT 41.0290 -73.9069 112-116 114.0 0.9 0.1 0.3 0.0 0.3 0.0 41.4 17.9 193.1 34.1 2.5 0.0 6.1 13.6 5.4 2.7
Pre 98PMT 41.0290 -73.9069 STD 116.0 1.1 0.1 0.4 0.1 0.3 0.0 55.5 10.0 287.5 15.7 2.7 0.0 4.9 6.0 1.8 3.0
Pre 98PMT 41.0290 -73.9069 120-124 122.0 0.9 0.1 0.4 0.0 0.3 0.0 51.9 18.2 215.7 33.2 2.9 0.0 7.5 14.9 9.8 2.6
Pre 98PMT 41.0290 -73.9069 STD 124.0 1.1 0.1 0.5 0.1 0.3 0.0 55.5 10.0 278.7 16.6 3.1 0.0 4.9 6.0 6.4 2.6
Pre 98PMT 41.0290 -73.9069 128-132 130.0 1.2 0.1 0.4 0.1 0.3 0.0 67.3 9.7 308.5 15.3 3.1 0.0 3.7 12.8 7.9 2.5








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Pre 98PMT 41.0290 -73.9069 STD 140.0 1.4 0.1 0.4 0.1 0.3 0.0 71.8 11.0 296.4 16.3 3.1 0.0 4.9 6.0 5.7 2.7
Pre 98PMT 41.0290 -73.9069 STD 148.0 1.4 0.1 0.4 0.1 0.3 0.0 43.7 10.4 295.3 16.3 3.7 0.0 7.3 5.9 9.7 2.5
Pre 98PMT 41.0290 -73.9069 160-164 162.0 1.5 0.1 0.4 0.1 0.4 0.0 68.8 11.0 331.8 15.7 3.3 0.0 14.7 5.7 10.1 2.4
Pre 98PMT 41.0290 -73.9069 STD 164.0 1.5 0.1 0.4 0.1 0.4 0.0 68.8 11.0 321.8 15.1 3.3 0.0 4.9 6.0 5.1 2.8
Pre 98PMT 41.0290 -73.9069 168-172 170.0 1.6 0.1 0.4 0.1 0.4 0.0 61.4 11.2 335.1 15.6 3.4 0.0 4.9 6.0 7.1 2.6
Pre 98PMT 41.0290 -73.9069 STD 172.0 1.6 0.1 0.4 0.1 0.4 0.0 64.4 11.1 322.9 15.8 3.4 0.0 4.9 6.0 10.7 2.4
Pre 98PMT 41.0290 -73.9069 STD 188.0 1.8 0.1 0.4 0.1 0.4 0.0 92.4 12.2 315.2 16.7 3.7 0.0 4.9 6.0 9.3 2.5
Pre 98PMT 41.0290 -73.9069 192-196 194.0 1.5 0.1 0.4 0.1 0.4 0.0 70.3 11.0 350.6 16.2 3.6 0.0 6.1 5.9 14.9 2.3
Pre 98PMT 41.0290 -73.9069 STD 196.0 1.7 0.1 0.5 0.1 0.4 0.0 58.5 9.9 383.7 16.6 3.9 0.0 6.1 5.9 12.2 2.4
Pre 98PMT 41.0290 -73.9069 STD 202.0 1.8 0.1 0.3 0.1 0.5 0.0 105.7 12.3 383.7 16.6 3.2 0.0 7.3 5.9 10.1 2.4
Pre 98PMT 41.0290 -73.9069 224-226 225.0 1.7 0.1 0.7 0.1 0.4 0.0 147.1 13.1 232.2 17.5 3.3 0.0 23.3 5.6 8.9 2.4
Pre 98PMT 41.0290 -73.9069 232-234 233.0 1.7 0.1 0.4 0.1 0.4 0.0 73.2 9.6 356.1 16.1 3.3 0.0 8.6 5.9 8.5 2.6
Pre 98PMT 41.0290 -73.9069 240-242 241.0 1.7 0.1 0.4 0.1 0.4 0.0 73.2 9.6 350.6 16.2 3.6 0.0 6.1 5.9 10.0 2.5
Pre 98PMT 41.0290 -73.9069 STD 250.0 1.7 0.1 0.4 0.1 0.4 0.0 77.7 10.9 324.0 15.8 3.1 0.0 4.9 6.0 6.9 2.7
Pre 98PMT 41.0290 -73.9069 300-301 300.5 1.8 0.1 0.4 0.0 0.4 0.0 102.1 10.2 536.5 14.3 3.8 0.0 15.3 14.0 15.1 1.8
Pre 98PMT 41.0290 -73.9069 303-304 303.5 2.0 0.1 0.4 0.0 0.5 0.0 124.2 11.6 536.4 14.3 3.9 0.0 15.3 14.0 13.1 2.0
Pre 98PMT 41.0290 -73.9069 307-308 307.5 1.9 0.1 0.3 0.0 0.5 0.0 158.6 12.7 536.5 14.3 4.0 0.0 15.3 14.0 13.2 2.0
Pre 98PMT 41.0290 -73.9069 311-312 311.5 2.0 0.1 0.3 0.0 0.5 0.0 315.8 26.7 536.5 14.3 4.6 0.0 14.1 12.9 16.3 1.8
Pre 98PMT 41.0290 -73.9069 315-316 315.5 2.1 0.1 0.4 0.0 0.5 0.0 150.4 13.6 536.5 14.3 5.3 0.1 15.3 14.0 16.3 1.8
Pre 98PMT 41.0290 -73.9069 319-320 319.5 2.1 0.1 0.3 0.0 0.5 0.0 164.2 14.2 536.5 14.3 4.4 0.0 14.1 12.9 14.3 1.9
Pre 98PMT 41.0290 -73.9069 323-324 323.5 2.1 0.1 0.4 0.0 0.5 0.0 186.2 15.5 536.5 14.3 4.7 0.0 15.3 14.0 16.5 1.9
Pre 98PMT 41.0290 -73.9069 327-328 327.5 2.1 0.1 0.4 0.0 0.5 0.0 308.9 26.0 536.5 14.3 4.0 0.0 22.1 4.2 15.5 1.9
Pre 98PMT 41.0290 -73.9069 331-332 331.5 2.0 0.1 0.4 0.0 0.5 0.0 151.7 12.4 536.5 14.3 3.9 0.0 22.1 4.2 15.6 1.9
Pre 98PMT 41.0290 -73.9069 335-336 335.5 2.1 0.0 0.4 0.0 0.5 0.0 286.9 23.9 536.5 14.3 4.5 0.0 14.1 12.9 15.8 1.8
Pre 98PMT 41.0290 -73.9069 339-340 339.5 1.9 0.1 0.4 0.0 0.5 0.0 253.8 20.8 536.5 14.3 3.9 0.0 16.4 5.3 15.9 1.9
Pre 98PMT 41.0290 -73.9069 341-342 341.5 1.8 0.1 0.4 0.0 0.4 0.0 193.1 14.9 536.5 14.3 4.3 0.0 14.1 12.9 13.9 1.8
Pre 98PMT 41.0290 -73.9069 347-348 347.5 2.1 0.1 0.4 0.0 0.5 0.0 257.9 21.2 536.5 14.3 3.9 0.0 15.3 14.0 12.0 2.1
Pre 98PMT 41.0290 -73.9069 351-352 351.5 2.1 0.1 0.4 0.0 0.5 0.0 172.4 14.6 536.5 14.3 4.6 0.0 15.3 14.0 13.9 1.8
Pre 98PMT 41.0290 -73.9069 355-356 355.5 2.1 0.0 0.4 0.0 0.5 0.0 256.5 21.9 536.5 14.3 4.9 0.0 17.6 5.3 17.3 2.0
Pre 98PMT 41.0290 -73.9069 359-360 359.5 2.1 0.1 0.4 0.0 0.5 0.0 124.2 11.6 536.5 14.3 4.1 0.0 14.1 12.9 13.3 1.9
Pre 98PMT 41.0290 -73.9069 367-368 367.5 2.1 0.1 0.4 0.0 0.5 0.0 124.2 11.6 536.5 14.3 4.1 0.0 16.4 5.3 14.8 1.9
Pre 98PMT 41.0290 -73.9069 371-372 371.5 2.0 0.1 0.4 0.0 0.5 0.0 95.2 11.6 536.5 14.3 3.8 0.0 21.0 5.2 10.6 2.3
Pre 98PMT 41.0290 -73.9069 375-376 375.5 2.0 0.1 0.4 0.0 0.5 0.0 113.1 11.5 536.5 14.3 4.0 0.0 22.1 4.2 14.6 1.9
Pre 98PMT 41.0290 -73.9069 379-380 379.5 2.1 0.1 0.4 0.0 0.5 0.0 133.8 11.8 536.5 14.3 4.5 0.0 17.6 5.3 17.2 2.0
Pre 98PMT 41.0290 -73.9069 383-384 383.5 2.0 0.1 0.4 0.0 0.5 0.0 107.6 11.5 536.5 14.3 3.7 0.0 15.3 14.0 11.0 2.2
Pre 98PMT 41.0290 -73.9069 387-388 387.5 2.0 0.1 0.4 0.0 0.5 0.0 121.4 11.6 536.5 14.3 4.0 0.0 15.3 14.0 13.8 1.9
Pre 98PMT 41.0290 -73.9069 391-392 391.5 2.0 0.1 0.4 0.0 0.5 0.0 114.5 11.5 536.5 14.3 3.8 0.0 15.3 14.0 13.2 2.0
Pre 98PMT 41.0290 -73.9069 395-396 395.5 2.0 0.1 0.4 0.0 0.5 0.0 89.7 11.7 536.5 14.3 3.9 0.0 15.3 14.0 11.5 2.2
Pre 98PMT 41.0290 -73.9069 400-401 400.5 2.0 0.1 0.4 0.0 0.5 0.0 136.6 11.9 536.4 14.3 3.6 0.0 15.3 14.0 12.3 2.1








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Pre 98PMT 41.0290 -73.9069 407-408 407.5 2.0 0.1 0.3 0.0 0.5 0.0 107.6 11.5 536.4 14.3 3.4 0.0 19.8 5.2 10.4 2.3
Pre 98PMT 41.0290 -73.9069 411-412 411.5 2.0 0.1 0.4 0.0 0.5 0.0 143.5 12.1 536.5 14.3 4.0 0.0 15.3 14.0 10.1 2.4
Pre 98PMT 41.0290 -73.9069 415-416 415.5 2.0 0.1 0.4 0.0 0.5 0.0 109.0 11.5 536.5 14.3 3.7 0.0 15.3 14.0 11.4 2.2
Pre 98PMT 41.0290 -73.9069 419-420 419.5 2.1 0.1 0.4 0.0 0.5 0.0 350.3 30.2 536.5 14.3 4.1 0.0 22.1 4.2 13.7 2.0
Pre 98PMT 41.0290 -73.9069 423-424 423.5 2.1 0.1 0.4 0.0 0.5 0.0 235.9 19.2 536.5 14.3 4.2 0.0 23.3 5.2 15.3 1.9
Pre 98PMT 41.0290 -73.9069 427-428 427.5 2.1 0.0 0.4 0.0 0.5 0.0 180.7 15.1 536.5 14.3 4.5 0.0 22.1 4.2 15.8 1.8
Pre 98PMT 41.0290 -73.9069 431-432 431.5 2.0 0.1 0.4 0.0 0.5 0.0 106.2 11.5 536.5 14.3 4.0 0.0 15.3 14.0 12.8 2.0
Pre 98PMT 41.0290 -73.9069 433-434 433.5 2.1 0.0 0.4 0.0 0.5 0.0 89.7 11.7 536.5 14.3 4.2 0.0 17.6 5.3 13.3 2.0
Pre 98PMT 41.0290 -73.9069 435-436 435.5 2.1 0.1 0.4 0.0 0.5 0.0 149.0 12.3 536.5 14.3 4.3 0.0 15.3 14.0 16.8 2.0
Pre 98PMT 41.0290 -73.9069 439-440 439.5 2.1 0.0 0.4 0.0 0.5 0.0 69.0 12.4 536.5 14.3 4.2 0.0 17.6 5.3 13.7 1.9
Pre 98PMT 41.0290 -73.9069 447-448 447.5 2.1 0.1 0.4 0.0 0.5 0.0 322.7 27.4 536.5 14.3 4.1 0.0 17.6 5.3 10.4 2.3
Pre 98PMT 41.0290 -73.9069 451-452 451.5 2.1 0.0 0.4 0.0 0.5 0.0 227.6 18.5 536.5 14.3 4.1 0.0 22.1 4.2 14.7 1.9
Pre 98PMT 41.0290 -73.9069 455-456 455.5 2.1 0.1 0.4 0.0 0.5 0.0 289.6 24.1 536.5 14.3 4.5 0.0 21.0 5.2 14.3 2.1
Pre 98PMT 41.0290 -73.9069 459-460 459.5 2.1 0.0 0.4 0.0 0.5 0.0 350.3 30.2 536.6 14.3 4.5 0.0 21.0 5.2 17.6 2.0
Pre 98PMT 41.0290 -73.9069 463-464 463.5 2.1 0.0 0.5 0.0 0.5 0.0 70.4 12.3 536.6 14.3 4.7 0.0 22.1 4.2 17.0 2.1
Pre 98PMT 41.0290 -73.9069 467-468 467.5 2.1 0.0 0.4 0.0 0.5 0.0 88.3 11.8 536.6 14.3 4.6 0.0 15.3 14.0 14.7 2.0
Pre 98PMT 41.0290 -73.9069 471-472 471.5 2.1 0.1 0.5 0.0 0.5 0.0 78.7 12.0 536.7 14.3 4.6 0.0 16.4 5.3 16.0 2.0
Pre 98PMT 41.0290 -73.9069 475-476 475.5 2.1 0.0 0.5 0.0 0.5 0.0 117.3 12.8 536.7 14.3 4.8 0.0 16.4 5.3 15.0 2.0
Pre 98PMT 41.0290 -73.9069 479-480 479.5 2.1 0.0 0.4 0.0 0.5 0.0 117.3 12.8 536.7 14.3 4.7 0.0 16.4 5.3 16.7 2.0
Pre 98PMT 41.0290 -73.9069 483-484 483.5 2.0 0.1 0.5 0.0 0.5 0.0 169.7 14.5 536.8 14.3 4.3 0.0 15.3 14.0 11.6 2.3
Pre 98PMT 41.0290 -73.9069 487-488 487.5 2.1 0.1 0.5 0.0 0.5 0.0 129.7 13.0 536.9 14.3 5.0 0.0 24.4 5.1 14.5 2.0
Pre 98PMT 41.0290 -73.9069 491-492 491.5 2.1 0.0 0.5 0.0 0.5 0.0 176.6 14.9 537.0 14.3 5.3 0.1 15.3 14.0 17.5 2.0
Pre 98PMT 41.0290 -73.9069 500-501 500.5 2.1 0.0 0.4 0.0 0.5 0.0 86.9 11.8 536.7 14.3 4.1 0.0 15.3 14.0 13.6 2.0
Pre 98PMT 41.0290 -73.9069 503-504 503.5 2.1 0.1 0.5 0.0 0.5 0.0 73.2 12.2 536.7 14.3 4.4 0.0 15.3 14.0 15.3 2.0
Pre 98PMT 41.0290 -73.9069 507-508 507.5 2.2 0.0 0.4 0.0 0.6 0.0 86.9 11.8 536.7 14.3 4.7 0.0 15.3 14.0 16.8 2.0
Pre 98PMT 41.0290 -73.9069 511-512 511.5 2.2 0.0 0.4 0.0 0.5 0.0 93.8 11.6 536.8 14.3 4.7 0.0 17.6 5.3 16.9 2.0
Pre 98PMT 41.0290 -73.9069 515-516 515.5 2.1 0.0 0.4 0.0 0.5 0.0 78.7 12.0 536.8 14.3 4.4 0.0 21.0 5.2 14.7 1.9
Pre 98PMT 41.0290 -73.9069 519-520 519.5 2.2 0.0 0.5 0.0 0.5 0.0 100.7 12.9 536.8 14.3 4.9 0.0 17.6 5.3 18.7 2.2
Pre 98PMT 41.0290 -73.9069 523-524 523.5 2.2 0.0 0.4 0.0 0.5 0.0 89.7 11.7 536.8 14.3 4.7 0.0 15.3 14.0 16.0 2.0
Pre 98PMT 41.0290 -73.9069 527-528 527.5 2.2 0.1 0.5 0.0 0.5 0.0 85.6 13.1 536.9 14.3 5.2 0.0 16.4 5.3 16.4 2.1
Pre 98PMT 41.0290 -73.9069 531-532 531.5 2.2 0.0 0.5 0.0 0.5 0.0 81.4 13.2 536.9 14.3 5.1 0.0 18.7 5.3 16.9 2.0
Pre 98PMT 41.0290 -73.9069 535-536 535.5 2.4 0.1 0.4 0.0 0.5 0.0 89.5 18.2 1277.5 54.3 4.8 0.0 10.1 17.5 27.3 3.5
Pre 98PMT 41.0290 -73.9069 539-540 539.5 2.4 0.1 0.5 0.0 0.5 0.0 95.5 17.8 1205.0 49.8 4.8 0.1 8.8 16.2 30.5 3.7
Pre 98PMT 41.0290 -73.9069 543-544 543.5 2.4 0.1 0.4 0.0 0.5 0.0 82.0 18.6 1170.1 47.8 4.6 0.0 10.1 17.5 27.7 3.7
Pre 98PMT 41.0290 -73.9069 547-548 547.5 2.4 0.1 0.3 0.0 0.5 0.0 100.0 16.5 757.4 27.2 4.0 0.0 8.8 16.2 22.9 3.1
Pre 98PMT 41.0290 -73.9069 551-552 551.5 2.4 0.1 0.4 0.0 0.5 0.0 76.0 17.0 781.0 28.4 4.2 0.0 8.8 16.2 18.3 3.1
Pre 98PMT 41.0290 -73.9069 555-556 555.5 2.4 0.1 0.4 0.0 0.5 0.0 77.5 17.9 738.6 26.6 4.2 0.0 10.1 17.5 25.4 3.3
Pre 98PMT 41.0290 -73.9069 559-560 559.5 2.2 0.1 0.4 0.0 0.5 0.0 77.5 17.9 774.4 28.2 4.3 0.0 10.1 17.5 26.4 3.4
Pre 98PMT 41.0290 -73.9069 563-564 563.5 2.5 0.1 0.3 0.0 0.5 0.0 89.5 18.2 592.5 24.1 4.0 0.0 14.1 6.1 20.1 3.2









Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Pre 98PMT 41.0290 -73.9069 571-572 571.5 1.7 0.0 0.3 0.0 0.4 0.0 62.5 18.1 432.4 24.8 3.1 0.0 8.8 16.2 12.8 2.8
Pre 98PMT 41.0290 -73.9069 575-576 575.5 1.6 0.0 0.2 0.0 0.4 0.0 62.5 18.1 281.6 30.0 2.2 0.1 7.5 14.9 3.3 2.9
Pre 98PMT 41.0290 -73.9069 579-580 579.5 1.3 0.0 0.2 0.0 0.3 0.0 59.5 17.5 286.3 29.7 2.8 0.0 7.5 14.9 9.4 2.8
Pre 98PMT 41.0290 -73.9069 583-584 583.5 2.1 0.1 0.2 0.0 0.4 0.0 67.0 17.7 307.1 29.1 3.1 0.0 7.5 14.9 6.7 2.9
Pre 98PMT 41.0290 -73.9069 587-588 587.5 2.5 0.1 0.3 0.0 0.5 0.0 79.0 17.8 427.7 25.9 4.2 0.0 8.8 16.2 22.4 3.1
Pre 98PMT 41.0290 -73.9069 600-601 600.5 2.4 0.1 0.2 0.0 0.5 0.0 85.0 16.4 513.4 23.5 3.3 0.0 7.5 14.9 11.6 2.7
Pre 98PMT 41.0290 -73.9069 603-604 603.5 2.6 0.1 0.2 0.0 0.5 0.0 59.5 17.5 634.0 24.3 4.2 0.0 8.8 16.2 19.2 2.9
Pre 98PMT 41.0290 -73.9069 607-609 608.0 2.0 0.1 0.3 0.1 0.4 0.0 64.4 11.1 1164.6 25.4 3.9 0.0 6.1 5.9 23.8 2.8
Pre 98PMT 41.0290 -73.9069 611-612 611.5 2.0 0.1 0.3 0.1 0.4 0.0 65.9 12.5 1059.6 22.7 3.8 0.0 6.1 5.9 20.9 2.5
Pre 98PMT 41.0290 -73.9069 615-616 615.5 2.0 0.1 0.3 0.1 0.4 0.0 68.8 11.0 926.8 19.9 3.6 0.0 6.1 5.9 16.7 2.4
Pre 98PMT 41.0290 -73.9069 619-620 619.5 2.3 0.1 0.3 0.1 0.5 0.0 79.1 12.3 937.9 20.9 4.4 0.0 11.0 5.8 25.6 3.0
Pre 98PMT 41.0290 -73.9069 623-624 623.5 2.1 0.1 0.3 0.1 0.4 0.0 55.5 10.0 811.8 17.7 3.4 0.0 6.1 5.9 8.5 2.6
Pre 98PMT 41.0290 -73.9069 627-628 627.5 2.1 0.1 0.3 0.1 0.5 0.0 64.4 11.1 840.6 17.9 3.6 0.0 6.1 5.9 17.6 2.3
Pre 98PMT 41.0290 -73.9069 631-632 631.5 2.3 0.1 0.3 0.1 0.5 0.0 49.6 12.9 734.4 17.1 4.1 0.0 7.3 5.9 22.4 2.6
Pre 98PMT 41.0290 -73.9069 635-636 635.5 2.3 0.1 0.3 0.1 0.5 0.0 80.6 10.9 724.4 17.1 3.7 0.0 6.1 5.9 16.1 2.4
Pre 98PMT 41.0290 -73.9069 639-640 639.5 2.3 0.1 0.3 0.1 0.5 0.0 62.9 11.2 701.2 16.0 3.5 0.0 16.0 5.7 15.6 2.3
Pre 98PMT 41.0290 -73.9069 643-644 643.5 2.2 0.1 0.3 0.1 0.5 0.0 82.1 12.3 635.9 14.8 3.0 0.0 6.1 5.9 12.9 2.3
Pre 98PMT 41.0290 -73.9069 647-648 647.5 2.3 0.1 0.4 0.1 0.5 0.0 85.1 12.2 734.4 17.1 3.9 0.0 16.0 5.7 15.2 2.4
Pre 98PMT 41.0290 -73.9069 651-652 651.5 2.1 0.1 0.3 0.1 0.5 0.0 65.9 12.5 666.9 15.9 3.3 0.0 6.1 5.9 14.0 2.3
Pre 98PMT 41.0290 -73.9069 655-656 655.5 2.1 0.1 0.3 0.1 0.5 0.0 58.5 9.9 620.4 14.8 2.8 0.0 6.1 5.9 6.1 2.7
Pre 98PMT 41.0290 -73.9069 659-660 659.5 2.1 0.1 0.4 0.1 0.5 0.0 70.3 11.0 708.9 16.0 3.3 0.0 11.0 5.8 14.2 2.3
Pre 98PMT 41.0290 -73.9069 663-664 663.5 2.1 0.1 0.3 0.1 0.5 0.0 70.3 11.0 652.5 14.9 2.8 0.0 8.6 5.9 5.4 2.7
Pre 98PMT 41.0290 -73.9069 667-668 667.5 2.2 0.1 0.4 0.1 0.5 0.0 80.6 10.9 643.7 15.8 3.7 0.0 12.3 5.8 8.1 2.7
Pre 98PMT 41.0290 -73.9069 671-672 671.5 2.2 0.1 0.3 0.1 0.5 0.0 73.2 9.6 580.6 14.9 3.3 0.0 12.3 5.8 12.8 2.3
Pre 98PMT 41.0290 -73.9069 675-676 675.5 0.4 0.1 0.1 0.1 0.2 0.0 24.5 16.3 267.6 14.3 2.1 0.1 0.0 9.3 6.7 2.3
Pre 98PMT 41.0290 -73.9069 679-680 679.5 2.1 0.1 0.4 0.1 0.5 0.0 61.4 11.2 585.1 15.9 3.5 0.0 6.1 5.9 17.9 2.3
Pre 98PMT 41.0290 -73.9069 887-888 887.5 2.7 0.1 0.5 0.0 0.5 0.0 65.5 18.7 843.2 30.6 4.2 0.0 19.4 6.0 23.9 3.2
Pre 98PMT 41.0290 -73.9069 891-892 891.5 2.6 0.1 0.5 0.0 0.5 0.0 80.5 17.7 1026.9 39.8 4.2 0.0 14.1 6.1 23.2 3.1
Pre 98PMT 41.0290 -73.9069 895-896 895.5 2.6 0.1 0.4 0.0 0.5 0.0 89.5 18.2 675.4 25.3 4.2 0.0 10.1 17.5 22.1 3.2
Pre 98PMT 41.0290 -73.9069 900-901 900.5 2.6 0.1 0.4 0.0 0.5 0.0 71.5 18.3 809.2 29.3 4.1 0.0 24.7 5.9 18.5 3.0
Pre 98PMT 41.0290 -73.9069 903-904 903.5 2.6 0.1 0.4 0.0 0.5 0.0 71.5 18.3 826.2 29.9 4.1 0.0 12.8 6.1 20.5 3.0
Pre 98PMT 41.0290 -73.9069 907-908 907.5 2.6 0.1 0.4 0.0 0.5 0.0 91.0 17.0 823.4 29.8 4.1 0.0 8.8 16.2 21.0 3.0
Pre 98PMT 41.0290 -73.9069 911-912 911.5 2.8 0.1 0.4 0.0 0.5 0.0 76.0 17.0 616.1 24.1 4.1 0.0 15.4 6.1 13.4 3.0
Pre 98PMT 41.0290 -73.9069 915-916 915.5 2.8 0.1 0.4 0.0 0.6 0.0 71.5 18.3 334.4 28.7 4.2 0.0 26.0 5.9 19.9 3.0
Pre 98PMT 41.0290 -73.9069 919-920 919.5 2.7 0.1 0.4 0.0 0.6 0.0 79.0 17.8 271.3 31.4 4.2 0.0 31.3 5.8 20.6 3.1
Pre 98PMT 41.0290 -73.9069 923-924 923.5 2.7 0.1 0.4 0.0 0.5 0.0 92.5 16.9 248.6 32.2 4.3 0.0 23.3 5.9 18.4 3.0
Pre 98PMT 41.0290 -73.9069 927-928 927.5 2.7 0.1 0.3 0.0 0.6 0.0 74.5 16.2 276.9 31.2 4.5 0.0 16.7 6.1 14.2 3.2








Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Pre 98PMT 41.0290 -73.9069 935-936 935.5 1.8 0.1 0.4 0.1 0.4 0.0 58.5 9.9 418.0 15.3 3.2 0.0 7.3 5.9 9.8 2.4
Pre 98PMT 41.0290 -73.9069 939-940 939.5 1.8 0.1 0.3 0.1 0.4 0.0 45.2 11.7 515.4 15.2 3.9 0.0 11.0 5.8 16.0 2.4
Pre 98PMT 41.0290 -73.9069 943-944 943.5 2.3 0.1 0.3 0.1 0.4 0.0 43.7 10.4 444.6 15.9 4.4 0.0 8.6 5.9 17.6 2.3
Pre 98PMT 41.0290 -73.9069 947-948 947.5 0.5 0.1 1.0 0.0 0.2 0.0 49.6 12.9 249.9 14.7 1.5 0.1 2.4 11.6 -3.7 3.6
Pre 98PMT 41.0290 -73.9069 951-952 951.5 2.1 0.1 0.4 0.1 0.4 0.0 51.1 10.2 507.6 17.3 5.4 0.1 14.7 5.7 21.2 2.9
Pre 98PMT 41.0290 -73.9069 955-956 955.5 2.2 0.1 0.4 0.1 0.4 0.0 73.2 9.6 515.4 15.2 4.1 0.0 6.1 5.9 16.9 2.5
Pre 98PMT 41.0290 -73.9069 959-960 959.5 2.4 0.1 0.4 0.1 0.5 0.0 57.0 47.5 570.7 20.0 7.7 0.1 17.2 6.8 48.3 6.1
Pre 98PMT 41.0290 -73.9069 963-964 963.5 2.2 0.1 0.4 0.1 0.4 0.0 58.5 9.9 680.2 16.9 4.5 0.0 6.1 5.9 14.9 2.6
Pre 98PMT 41.0290 -73.9069 967-968 967.5 2.3 0.1 0.4 0.1 0.5 0.0 67.3 9.7 610.5 16.9 4.3 0.0 11.0 5.8 19.5 2.5
Pre 98PMT 41.0290 -73.9069 971-972 971.5 2.4 0.1 0.4 0.1 0.5 0.0 74.7 12.3 648.1 15.8 3.9 0.0 16.0 5.7 14.2 2.5
Pre 98PMT 41.0290 -73.9069 975-976 975.5 2.4 0.1 0.4 0.1 0.5 0.0 70.3 11.0 700.1 18.0 4.8 0.0 18.4 5.7 19.5 2.5
Pre 98PMT 41.0290 -73.9069 979-980 979.5 2.3 0.1 0.3 0.1 0.5 0.0 77.7 10.9 731.1 17.1 3.6 0.0 23.3 5.6 10.2 2.5
Pre 98PMT 41.0290 -73.9069 983-984 983.5 2.2 0.1 0.5 0.1 0.5 0.0 55.5 10.0 696.8 15.9 3.6 0.0 12.3 5.8 14.3 2.4
Pre 98PMT 41.0290 -73.9069 1000-1001 1000.5 2.3 0.1 0.5 0.1 0.5 0.0 76.2 12.3 923.5 20.8 4.2 0.0 19.6 5.6 16.9 2.5
Pre 98PMT 41.0290 -73.9069 1003-1004 1003.5 2.3 0.1 0.5 0.1 0.5 0.0 71.8 11.0 1036.3 23.2 4.3 0.0 22.1 5.6 15.7 2.6
Pre 98PMT 41.0290 -73.9069 1007-1008 1007.5 2.4 0.1 0.4 0.1 0.5 0.0 65.9 12.5 843.9 18.9 4.3 0.0 14.7 5.7 22.9 2.8
Pre 98PMT 41.0290 -73.9069 1011-1012 1011.5 2.6 0.1 0.6 0.1 0.5 0.0 61.4 11.2 859.4 21.0 5.9 0.1 12.3 5.8 39.4 4.7
Pre 98PMT 41.0290 -73.9069 1015-1016 1015.5 2.3 0.1 0.4 0.1 0.5 0.0 73.2 9.6 706.7 16.0 3.4 0.0 12.3 5.8 11.2 2.5
Pre 98PMT 41.0290 -73.9069 1019-1020 1019.5 2.5 0.1 0.4 0.1 0.5 0.0 76.2 12.3 746.5 18.2 4.5 0.0 22.1 5.6 22.0 2.7
Pre 98PMT 41.0290 -73.9069 1023-1024 1023.5 2.2 0.1 0.3 0.1 0.5 0.0 42.2 8.1 718.9 16.0 3.5 0.0 18.4 5.7 12.9 2.4
Pre 98PMT 41.0290 -73.9069 1027-1028 1027.5 1.8 0.1 0.3 0.1 0.4 0.0 73.2 9.6 679.1 14.9 2.6 0.0 7.3 5.9 9.5 2.4
Pre 98PMT 41.0290 -73.9069 1031-1032 1031.5 1.8 0.1 0.3 0.1 0.4 0.0 70.3 11.0 379.3 14.1 2.2 0.0 4.9 6.0 3.2 2.9
Pre 98PMT 41.0290 -73.9069 1035-1036 1035.5 2.0 0.1 0.3 0.1 0.4 0.0 46.7 7.9 504.3 16.3 4.2 0.0 6.1 5.9 16.6 2.5
Pre 98PMT 41.0290 -73.9069 1043-1044 1043.5 2.3 0.1 0.3 0.1 0.5 0.0 54.0 12.7 509.8 16.3 4.2 0.0 20.9 5.6 15.3 2.5
Pre 98PMT 41.0290 -73.9069 1048-1049 1048.5 0.5 0.1 1.0 0.0 0.2 0.0 43.7 10.4 263.2 14.4 1.5 0.1 2.4 11.6 -1.6 3.3
Pre 98PMT 41.0290 -73.9069 1052-1053 1052.5 1.7 0.1 0.3 0.1 0.4 0.0 37.8 28.7 351.7 15.4 3.2 0.0 8.6 5.9 8.3 2.5
Pre 98PMT 41.0290 -73.9069 1056-1057 1056.5 2.0 0.1 0.4 0.1 0.4 0.0 59.9 11.2 324.0 15.8 3.2 0.0 22.1 5.6 12.3 2.3
Pre 98PMT 41.0290 -73.9069 1060-1061 1060.5 1.5 0.1 0.4 0.1 0.4 0.0 49.6 12.9 341.7 15.5 3.1 0.0 14.7 5.7 12.7 2.4
Pre 98PMT 41.0290 -73.9069 1063-1064 1063.5 2.2 0.1 0.4 0.1 0.4 0.0 82.1 12.3 378.2 15.8 3.2 0.0 6.1 5.9 8.6 2.6
Pre 98PMT 41.0290 -73.9069 1068-1069 1068.5 2.2 0.1 0.4 0.1 0.5 0.0 80.6 10.9 348.4 16.2 3.2 0.0 7.3 5.9 10.4 2.5
Pre 98PMT 41.0290 -73.9069 1072-1073 1072.5 2.1 0.1 0.4 0.1 0.5 0.0 80.6 10.9 352.8 15.3 3.1 0.0 4.9 6.0 8.7 2.6
Pre 98PMT 41.0290 -73.9069 1076-1077 1076.5 2.1 0.1 0.4 0.1 0.5 0.0 76.2 12.3 362.7 16.0 3.1 0.0 7.3 5.9 9.9 2.6
Pre 98PMT 41.0290 -73.9069 1080-1081 1080.5 2.0 0.1 0.3 0.1 0.4 0.0 59.9 11.2 306.3 15.4 2.4 0.0 4.9 6.0 2.0 3.1
Pre 98PMT 41.0290 -73.9069 1084-1085 1084.5 1.9 0.1 0.4 0.1 0.4 0.0 68.8 11.0 377.1 15.0 2.9 0.0 8.6 5.9 5.9 2.8
Pre 98PMT 41.0290 -73.9069 1092-1093 1092.5 2.1 0.1 0.4 0.1 0.5 0.0 74.7 12.3 352.8 15.3 3.0 0.0 6.1 5.9 13.5 2.3
Post 09 Inwood RC1 40.8748 -73.9144 0-1 0.5 1.4 0.1 0.6 0.0 0.5 0.0 81.8 11.7 296.9 20.4 2.9 0.0 69.6 6.6 6.2 2.7
Post 09 Inwood RC1 40.8748 -73.9144 9-10 9.5 1.5 0.1 0.4 0.0 0.5 0.0 153.7 12.8 430.9 18.4 3.7 0.0 87.7 6.7 9.6 2.7
Post 09 Inwood RC1 40.8748 -73.9144 19-20 19.5 1.6 0.1 0.7 0.0 0.5 0.0 140.0 12.8 474.9 18.4 4.1 0.0 108.5 6.9 19.8 2.6










Appendix 1: K, Ca, Ti, Cr, Mn, Fe, Cu and Co concentrations of all samples (continued)
Type






K K +/- Ca Ca +/- Ti Ti +/- Cr Cr +/- Mn Mn +/- Fe Fe +/- Cu Cu +/- Co Co +/-
% % % % % % ppm ppm ppm ppm % % ppm ppm ppm ppm
Post 09 Inwood RC1 40.8748 -73.9144 39-40 39.5 1.3 0.1 0.7 0.0 0.4 0.0 100.2 11.5 352.2 19.5 3.3 0.0 120.1 7.0 9.6 2.5
Post 09 Inwood RC1 40.8748 -73.9144 49-50 49.5 1.2 0.1 0.8 0.0 0.4 0.0 98.7 11.5 279.1 20.9 3.1 0.0 107.2 6.9 7.3 2.5
Post 09 Inwood RC1 40.8748 -73.9144 59-60 59.5 1.5 0.1 0.8 0.0 0.4 0.0 136.9 12.7 358.8 19.9 3.8 0.0 157.7 8.8 17.4 2.5
Post 09 Inwood RC1 40.8748 -73.9144 69-70 69.5 1.1 0.1 1.3 0.0 0.3 0.0 54.3 11.0 216.4 22.5 2.7 0.0 68.3 6.6 6.5 2.6
Post 09 Inwood RC1 40.8748 -73.9144 79-80 79.5 1.6 0.1 1.1 0.0 0.4 0.0 144.6 9.9 389.7 19.2 4.1 0.0 166.8 8.9 17.2 2.6
Post 09 Inwood RC1 40.8748 -73.9144 89-90 89.5 1.4 0.1 1.4 0.0 0.4 0.0 86.4 11.7 277.3 21.0 3.1 0.0 98.1 6.8 10.4 2.4
Post 09 Inwood RC1 40.8748 -73.9144 97-98 97.5 1.3 0.1 1.4 0.0 0.4 0.0 69.6 12.0 270.7 21.2 2.9 0.0 91.6 6.7 7.1 2.5
Post 08 SMC RC01 40.6474 -74.1069 0-1 0.5 1.1 0.1 0.7 0.0 0.3 0.0 131.5 13.0 2476.9 131.7 2.7 0.0 155.6 8.2 3.5 2.9
Post 08 SMC RC01 40.6474 -74.1069 9-10 9.5 1.2 0.1 0.5 0.0 0.3 0.0 224.6 16.5 229.8 32.8 3.0 0.0 822.2 39.0 13.5 2.7
Post 08 SMC RC01 40.6474 -74.1069 19-20 19.5 1.5 0.0 0.4 0.0 0.4 0.0 518.8 50.2 341.0 28.4 4.3 0.0 615.9 29.3 25.2 3.3
Post 08 SMC RC01 40.6474 -74.1069 29-30 29.5 1.6 0.0 0.4 0.0 0.4 0.0 248.6 20.2 305.2 29.5 3.6 0.0 634.4 30.1 20.3 3.1
Post 08 SMC RC01 40.6474 -74.1069 39-40 39.5 1.4 0.1 0.4 0.0 0.3 0.0 149.5 15.0 263.7 31.4 3.6 0.0 736.2 35.1 13.1 3.0
Post 08 SMC RC01 40.6474 -74.1069 49-50 49.5 2.0 0.1 0.3 0.0 0.4 0.0 101.5 16.4 323.1 29.2 3.7 0.0 339.5 16.4 15.0 2.9
Post 08 SMC RC01 40.6474 -74.1069 59-60 59.5 1.8 0.0 0.3 0.0 0.4 0.0 83.5 16.5 275.0 30.9 3.5 0.0 126.5 7.6 11.7 2.8
Post 08 SMC RC01 40.6474 -74.1069 69-70 69.5 2.1 0.1 0.3 0.0 0.4 0.0 76.0 17.0 287.3 30.3 3.4 0.0 18.0 6.0 17.0 2.8
Post 08 SMC RC01 40.6474 -74.1069 79-80 79.5 2.2 0.1 0.3 0.0 0.4 0.0 88.0 17.2 326.8 29.0 3.5 0.0 15.4 6.1 22.5 3.0
Pre 08 SMC RC01 40.6474 -74.1069 89-90 89.5 2.0 0.1 0.4 0.0 0.4 0.0 58.0 19.3 363.6 27.6 3.9 0.0 10.1 17.5 20.9 3.2
Pre 08 SMC RC01 40.6474 -74.1069 99-100 99.5 1.7 0.0 0.4 0.0 0.4 0.0 56.5 18.6 314.6 29.1 3.2 0.0 8.8 16.2 11.4 2.8
Post 08 Big Egg RC2 40.6039 -73.8767 0-1 0.5 1.1 0.1 0.7 0.0 0.3 0.0 74.1 11.7 260.2 112.5 4.0 0.0 97.5 7.2 13.0 2.0
Post 08 Big Egg RC2 40.6039 -73.8767 9-10 9.5 0.9 0.1 0.5 0.0 0.3 0.0 78.6 13.0 368.6 108.3 4.1 0.0 121.8 8.9 18.2 1.9
Post 08 Big Egg RC2 40.6039 -73.8767 19-20 19.5 1.1 0.1 0.4 0.0 0.3 0.0 104.3 21.5 1055.7 87.7 10.7 0.3 292.9 16.9 55.2 6.5
Post 08 Big Egg RC2 40.6039 -73.8767 29-30 29.5 0.7 0.1 0.4 0.0 0.3 0.0 81.7 69.6 1153.2 86.5 13.2 0.4 261.9 15.9 70.1 8.8
Post 08 Big Egg RC2 40.6039 -73.8767 39-40 39.5 1.2 0.1 0.5 0.0 0.3 0.0 39.4 28.1 216.5 114.1 2.5 0.1 14.0 5.9 4.9 2.4
Post 08 Big Egg RC2 40.6039 -73.8767 49-50 49.5 1.6 0.1 0.5 0.0 0.4 0.0 74.1 11.7 464.1 104.7 4.3 0.1 49.1 5.6 17.0 1.9
Post 08 Big Egg RC2 40.6039 -73.8767 59-60 59.5 1.6 0.1 0.5 0.0 0.3 0.0 50.0 13.7 424.3 106.3 4.3 0.1 10.0 17.7 20.5 2.0
Post 08 Big Egg RC2 40.6039 -73.8767 69-70 69.5 1.7 0.1 0.6 0.0 0.4 0.0 47.0 35.4 465.1 104.7 4.0 0.0 10.0 17.7 19.4 1.9
Pre 08 Big Egg RC2 40.6039 -73.8767 79-80 79.5 1.9 0.1 0.5 0.0 0.4 0.0 69.6 13.2 380.6 107.8 3.5 0.1 8.6 16.4 14.8 1.8
Pre 08 Big Egg RC2 40.6039 -73.8767 89-90 89.5 1.8 0.1 0.5 0.0 0.4 0.0 68.1 11.9 410.4 106.7 3.6 0.1 8.6 16.4 12.8 1.9
Pre 08 Big Egg RC2 40.6039 -73.8767 99-100 99.5 1.5 0.1 0.5 0.0 0.5 0.0 51.5 11.1 264.2 112.2 2.9 0.1 8.6 16.4 5.4 2.4
Pre 08 Big Egg RC2 40.6039 -73.8767 109-110 109.5 1.4 0.1 0.6 0.0 0.5 0.0 59.0 12.1 242.3 113.1 2.5 0.1 8.6 16.4 6.5 2.2
Pre 08 Big Egg RC2 40.6039 -73.8767 119-120 119.5 1.4 0.1 0.7 0.0 0.4 0.0 57.5 12.2 214.5 114.3 2.7 0.1 7.3 15.1 5.7 2.3
Pre 08 Big Egg RC2 40.6039 -73.8767 129-130 129.5 1.5 0.1 0.6 0.0 0.4 0.0 40.9 29.6 259.2 112.4 2.6 0.1 8.6 16.4 6.6 2.2
Pre 08 Big Egg RC2 40.6039 -73.8767 139-140 139.5 1.4 0.1 0.6 0.0 0.4 0.0 48.5 11.3 224.4 113.8 2.4 0.1 8.6 16.4 3.7 2.5
Pre 08 Big Egg RC2 40.6039 -73.8767 149-150 149.5 1.4 0.1 0.6 0.0 0.5 0.0 48.5 11.3 226.4 113.7 2.4 0.1 8.6 16.4 3.4 2.6
Pre 08 Big Egg RC2 40.6039 -73.8767 159-160 159.5 1.6 0.1 0.9 0.0 0.4 0.0 48.5 11.3 292.1 111.2 3.0 0.1 8.6 16.4 6.8 2.2









Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples
Type












ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 08 Mohawk RC1 42.7679 -73.7025 0-1 0.5 121.6 13.9 5.3 20.8 83.1 2.6 174.3 2.3 336.1 10.4 23.0 5.9 6 0.7 70 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 9-10 9.5 111.0 13.6 4.2 20.9 84.1 2.6 165.8 2.3 369.7 12.2 25.1 5.9 5 0.9 87 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 19-20 19.5 156.5 13.6 3.1 21.1 99.9 2.2 141.3 2.4 286.7 7.7 34.6 5.9 6 0.7 64 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 29-30 29.5 118.4 13.6 2.0 21.2 80.1 2.7 134.9 2.4 380.9 12.9 29.3 5.9 3 1.2 114 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 39-40 39.5 132.2 13.8 2.0 21.2 84.1 2.6 130.6 2.4 375.3 12.6 42.1 5.9 29 0.1 5 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 49-50 49.5 183.0 13.5 2.0 21.2 77.2 2.8 116.8 2.5 443.7 16.7 66.4 6.3 9 0.8 74 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 59-60 59.5 82.4 13.8 2.0 21.2 91.0 2.4 99.7 2.6 413.4 14.8 34.6 5.9 2 0.9 91 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 69-70 69.5 71.8 13.9 2.0 21.2 89.0 2.4 96.5 1.8 365.2 12.0 16.6 6.0 2 1.7 161 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 79-80 79.5 60.2 14.0 1.0 21.4 80.1 2.7 98.6 1.8 268.8 7.0 13.5 6.0 2 1.2 120 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 89-90 89.5 60.2 14.0 1.0 21.4 83.1 2.6 95.4 2.6 306.9 8.6 16.6 6.0 1 1.0 103 COSL
Post 08 Mohawk RC1 42.7679 -73.7025 96-97 96.5 53.8 13.8 1.0 21.4 80.1 2.7 97.6 1.8 258.7 6.7 11.3 6.0 35 1.2 118 COSL
Post S10 09 Mohawk 4 42.7679 -73.7025 2-4 3.0 95.1 13.7 2.0 21.2 77.2 2.8 128.5 2.4 451.6 17.2 28.3 5.9 N/A 1.6 N/A GR COS
Post S11 09 Mohawk 4 42.7679 -73.7025 4-6 5.0 87.7 13.8 4.2 20.9 76.2 2.8 118.9 2.5 564.8 24.4 28.3 5.9 N/A 1.5 N/A GR COS
Post S12 09 Mohawk 4 42.7679 -73.7025 6-8 7.0 84.5 13.8 2.0 21.2 78.2 2.7 125.3 2.4 505.4 20.6 20.9 5.9 N/A 1.6 N/A GR COS
Post S14 09 Mohawk 3 42.7679 -73.7025 0-2 1.0 85.6 13.8 2.0 21.2 72.2 2.9 101.8 2.6 1430.4 82.2 35.7 5.9 N/A 1.7 N/A GR COS
Post S15 09 Mohawk 3 42.7679 -73.7025 2-4 3.0 86.6 13.8 2.0 21.2 72.2 2.9 104.0 2.5 1804.9 107.4 31.5 5.9 N/A 1.6 N/A GR COS
Post S9 09 Mohawk 4 42.7679 -73.7025 0-2 1.0 89.8 13.8 2.0 21.2 77.2 2.8 119.9 2.5 540.1 22.8 24.1 5.9 N/A 1.5 N/A GR COS
Post S3 08 Troy 1 42.7452 -73.6864 0-2 1.0 98.3 13.7 3.1 21.1 75.2 2.8 146.6 2.4 494.2 19.8 26.2 5.9 N/A 1.7 N/A COS
Post 09 Mill Creek RC1 42.6392 -73.7477 0-2 1.0 133.2 13.8 12.8 19.9 117.8 2.1 100.8 1.8 167.9 6.8 21.9 5.9 N/A 1.5 N/A MPM SC
Post 09 Mill Creek RC1 42.6392 -73.7477 8-10 9.0 125.8 13.8 5.3 20.8 118.7 2.2 102.9 2.5 208.3 6.0 30.4 5.9 N/A 1.6 N/A MPM SC
Post 09 Mill Creek RC1 42.6392 -73.7477 19-20 19.5 126.8 5.0 13.3 23.7 105.2 2.2 92.3 1.8 150.7 6.9 27.5 3.0 N/A 1.6 N/A SC
Post 09 Mill Creek RC1 42.6392 -73.7477 29-30 29.5 103.6 4.1 5.7 24.6 72.6 2.6 184.5 3.6 131.7 7.4 72.7 2.8 N/A 1.7 N/A SC
Post 09 Mill Creek RC1 42.6392 -73.7477 39-40 39.5 135.0 4.0 5.7 24.6 85.8 2.6 114.8 1.6 158.5 6.6 49.6 2.9 N/A 1.5 N/A SC
Post 09 Mill Creek RC1 42.6392 -73.7477 49-50 49.5 122.2 4.0 4.7 24.7 69.5 3.2 129.8 2.5 131.7 7.4 56.2 2.9 N/A 1.6 N/A SC
Post 09 Mill Creek RC1 42.6392 -73.7477 59-60 59.5 116.4 4.0 1.4 25.2 95.0 2.4 109.4 2.5 178.5 6.0 47.4 2.9 N/A 1.4 N/A SC
Post 09 Mill Creek RC1 42.6392 -73.7477 61-62 61.5 96.6 4.1 1.4 25.2 83.8 2.7 126.6 2.5 256.6 6.1 28.6 3.0 N/A 1.6 N/A SC
Post 09 Papscanee RC01 42.5880 -73.7532 4-5 4.5 182.0 13.5 55.7 15.9 109.8 2.1 137.0 2.4 153.3 7.3 61.1 6.3 14 0.4 33 MPM SC
Post 09 Papscanee RC01 42.5880 -73.7532 9-10 9.5 201.0 13.7 48.2 16.4 114.8 2.1 137.0 2.4 165.6 6.8 88.7 6.2 11 0.5 41 MPM SC
Post 09 Papscanee RC01 42.5880 -73.7532 19-20 19.5 205.8 4.9 10.0 24.1 104.2 2.3 127.7 2.5 220.9 5.5 103.5 3.7 7 0.8 71 MPM SC
Post 09 Papscanee RC01 42.5880 -73.7532 29-30 29.5 158.2 5.0 2.5 25.2 99.1 2.3 110.5 1.6 301.2 7.6 73.8 2.8 3 0.9 89 SC
Post 09 Papscanee RC01 42.5880 -73.7532 39-40 39.5 183.7 4.9 2.5 25.2 107.2 2.2 107.3 2.5 312.3 8.1 77.1 3.7 3 0.7 68 SIC
Post 09 Papscanee RC01 42.5880 -73.7532 49-50 49.5 176.8 4.9 2.5 25.2 105.2 2.2 109.4 2.5 310.1 8.0 63.9 3.8 2 1.2 118 SIC
Post 09 Papscanee RC01 42.5880 -73.7532 59-60 59.5 92.0 4.1 1.4 25.2 85.8 2.6 125.5 2.5 243.2 5.8 28.6 3.0 1 1.2 117 SIC
Post 09 Papscanee RC01 42.5880 -73.7532 69-70 69.5 179.1 4.9 2.5 25.2 99.1 2.3 113.7 2.5 359.1 10.7 91.4 3.7 4 0.9 83 SIC
Post 09 Papscanee RC01 42.5880 -73.7532 79-80 79.5 146.6 5.0 2.5 25.2 95.0 2.4 123.4 2.5 381.4 11.9 62.8 3.8 3 0.8 81 SIC
Post 09 Papscanee RC01 42.5880 -73.7532 89-90 89.5 67.6 4.3 1.4 25.2 84.8 2.7 124.4 2.5 374.8 11.6 22.0 3.0 3 1.0 98 SIC
Post 09 Papscanee RC01 42.5880 -73.7532 93-94 93.5 140.8 5.0 2.5 25.2 103.1 2.3 107.3 2.5 310.1 8.0 82.6 3.7 4 0.9 89 SIC








Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 07 Stockport RC01 42.2931 -73.7733 0-1 0.5 144.9 13.7 18.1 19.2 73.2 2.9 98.6 1.8 195.9 6.1 33.6 6.0 3 0.9 86 COSSI
Post 07 Stockport RC01 42.2931 -73.7733 9-10 9.5 126.9 13.5 10.6 20.1 76.2 2.8 92.2 1.8 211.6 6.0 29.3 5.9 7 0.8 75 COSSI
Post 07 Stockport RC01 42.2931 -73.7733 19-20 19.5 100.4 13.7 5.3 20.8 72.2 2.9 82.7 1.9 250.9 6.4 28.3 5.9 5 0.7 66 MPT SIC
Post 07 Stockport RC01 42.2931 -73.7733 29-30 29.5 148.1 13.7 2.0 21.2 75.2 2.8 100.8 1.8 410.1 14.6 31.5 5.9 8 0.6 59 MPT SIC
Post 07 Stockport RC01 42.2931 -73.7733 39-40 39.5 130.1 13.8 6.3 20.7 88.1 2.4 98.6 1.8 415.7 15.0 43.1 5.9 17 0.3 26 MPT SIC
Post 07 Stockport RC01 42.2931 -73.7733 49-50 49.5 228.6 13.6 9.6 20.3 107.9 2.1 89.0 1.9 229.6 6.0 115.1 6.2 4 0.4 36 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 59-60 59.5 162.9 13.6 6.3 20.7 94.0 2.3 97.6 1.8 368.6 12.2 85.5 6.2 10 0.1 11 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 69-70 69.5 186.2 13.5 2.0 21.2 98.9 2.2 105.0 2.5 365.2 12.0 88.7 6.2 5 0.8 74 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 78-80 79.0 212.7 13.7 2.0 21.2 103.9 2.2 102.9 2.5 309.2 8.7 100.3 6.2 3 1.0 94 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 89-90 89.5 139.6 13.7 1.0 21.4 89.0 2.4 110.4 2.5 293.5 8.0 57.9 5.8 6 0.7 66 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 99-100 99.5 115.2 13.6 3.1 21.1 98.0 2.2 99.7 2.6 305.8 8.5 72.8 6.3 4 0.8 79 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 109-110 109.5 167.1 13.6 2.0 21.2 95.0 2.3 97.6 1.8 310.3 8.8 78.1 6.2 3 0.9 31 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 119-120 119.5 127.9 13.8 2.0 21.2 92.0 2.4 98.6 1.8 352.9 11.3 34.6 5.9 2 1.2 22 FSIC
Post 07 Stockport RC01 42.2931 -73.7733 125-126 125.5 94.0 13.7 2.0 21.2 94.0 2.3 93.3 1.8 343.9 10.5 41.0 5.9 1 1.6 21 COSSI
Post S6 09 Stockport SC 42.2931 -73.7733 0-5 2.5 141.7 13.7 7.4 20.5 94.0 2.3 95.4 2.6 268.8 7.0 310.0 7.1 N/A 1.5 N/A COS
Post 08 Catskill RC01 42.2142 -73.8616 0-1 0.5 80.3 13.8 1.0 21.4 81.1 2.6 59.2 2.2 335.0 10.0 14.5 6.0 3 0.9 90 GRCOS
Post 08 Catskill RC01 42.2142 -73.8616 9-10 9.5 80.3 13.8 1.0 21.4 80.1 2.7 57.1 2.2 318.1 9.1 23.0 5.9 4 0.9 90 COS
Post 08 Catskill RC01 42.2142 -73.8616 19-20 19.5 78.1 4.2 1.4 25.2 83.8 2.7 58.0 2.7 317.9 8.4 19.8 3.0 4 0.8 78 COS
Post 08 Catskill RC01 42.2142 -73.8616 29-30 29.5 97.8 4.1 1.4 25.2 90.9 2.5 58.0 2.7 317.9 8.4 26.4 3.0 4 1.0 98 COS
Post 08 Catskill RC01 42.2142 -73.8616 39-40 39.5 90.8 4.1 1.4 25.2 79.7 2.8 56.9 2.7 369.2 11.0 31.9 3.0 4 1.0 97 COS
Post 08 Catskill RC01 42.2142 -73.8616 49-50 49.5 123.4 4.0 1.4 25.2 78.7 2.9 53.7 2.8 317.9 8.4 44.1 2.9 4 0.9 84 COS
Post 08 Catskill RC01 42.2142 -73.8616 59-60 59.5 110.6 4.0 1.4 25.2 75.7 3.0 58.0 2.7 374.8 11.6 40.8 2.9 5 0.9 89 COS
Post 08 Catskill RC01 42.2142 -73.8616 79-80 79.5 104.8 4.1 1.4 25.2 87.9 2.6 61.2 2.6 344.7 9.7 45.2 2.9 4 0.8 79 COS
Post 08 Catskill RC01 42.2142 -73.8616 89-90 89.5 117.5 4.0 1.4 25.2 93.0 2.4 62.3 2.6 295.6 7.4 41.9 2.9 5 1.0 94 COS
Post 08 Catskill RC01 42.2142 -73.8616 99-100 99.5 139.6 5.0 2.5 25.2 94.0 2.4 66.6 2.4 330.2 9.0 57.3 2.9 5 0.7 67 COS
Post S4 08 Catskills 42.2142 -73.8616 0-5 2.5 89.8 13.8 2.0 21.2 83.1 2.6 59.2 2.2 395.5 13.8 25.1 5.9 N/A 2.1 N/A GR
Post S5 08 Catskills 42.2142 -73.8616 5-10 7.5 85.6 13.8 3.1 21.1 89.0 2.4 61.3 2.2 338.3 10.2 23.0 5.9 N/A 1.9 N/A COS
Post 08 Esopus RC01 42.0713 -73.9318 0-2 1.0 94.0 13.7 7.4 20.5 78.2 2.7 63.5 2.1 181.3 6.4 67.5 6.3 50 0.1 7 MPM SIC
Post 08 Esopus RC01 42.0713 -73.9318 9-10 9.5 154.7 5.0 44.5 20.3 65.5 3.4 77.3 2.2 138.4 7.3 40.8 2.9 22 0.2 19 MPM SIC
Post 08 Esopus RC01 42.0713 -73.9318 19-20 19.5 125.7 4.0 21.9 22.7 65.5 3.4 58.0 2.7 154.0 6.8 40.8 2.9 14 0.3 28 MPT SIC
Post 08 Esopus RC01 42.0713 -73.9318 29-30 29.5 272.0 6.1 21.9 22.7 70.6 3.2 64.4 2.5 181.9 5.9 52.9 2.9 24 0.7 4 MPT SIC
Post 08 Esopus RC01 42.0713 -73.9318 39-40 39.5 417.1 7.7 18.7 23.0 90.9 2.5 86.9 1.9 171.8 6.2 210.4 4.6 31 0.2 11 MPT SIC
Post 08 Esopus RC01 42.0713 -73.9318 49-50 49.5 76.9 4.2 1.4 25.2 49.2 3.8 33.4 3.5 116.1 8.1 22.0 3.0 3 0.8 79 SIC
Post 08 Esopus RC01 42.0713 -73.9318 59-60 59.5 128.0 4.0 2.5 25.2 72.6 2.6 50.5 2.9 254.3 6.0 48.5 2.9 8 0.6 56 SIC
Post 08 Esopus RC01 42.0713 -73.9318 69-70 69.5 116.4 4.0 1.4 25.2 87.9 2.6 61.2 2.6 334.6 9.2 50.7 2.9 5 0.8 74 SIC
Post 08 Esopus RC01 42.0713 -73.9318 79-80 79.5 111.7 4.0 1.4 25.2 67.5 2.8 44.1 3.1 175.2 6.1 40.8 2.9 2 1.1 106 SIC
Post 08 Esopus RC01 42.0713 -73.9318 99-100 99.5 58.3 3.5 1.4 25.2 54.3 3.5 31.2 3.6 312.3 8.1 17.6 3.0 2 1.1 106 SIC








Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 07 Tivoli RC-01 42.0409 -73.9207 0-1 0.5 168.3 5.0 15.4 12.2 104.2 2.2 94.2 2.5 169.8 4.5 51.8 2.3 18 0.4 7 SIC
Post 07 Tivoli RC-01 42.0409 -73.9207 9-10 9.5 183.5 4.9 17.4 12.1 103.2 2.2 84.8 2.6 159.9 4.8 56.9 2.4 22 0.3 6 SIC
Post 07 Tivoli RC-01 42.0409 -73.9207 19-20 19.5 207.7 8.8 15.9 4.1 103.3 2.7 84.1 3.4 167.0 7.0 80.2 3.8 17 0.3 6 SIC
Post 07 Tivoli RC-01 42.0409 -73.9207 29-30 29.5 248.7 6.0 13.3 12.3 98.3 2.3 93.1 2.5 140.9 5.7 92.1 4.0 18 0.4 6 SIC
Post 07 Tivoli RC-01 42.0409 -73.9207 39-40 39.5 148.5 5.0 18.4 12.0 101.2 2.2 106.7 2.4 137.6 5.9 58.9 2.4 25 0.3 8 MPT SIC
Post 07 Tivoli RC-01 42.0409 -73.9207 49-50 49.5 78.6 4.2 23.6 11.7 92.3 2.3 111.9 2.3 114.4 7.1 23.6 2.5 33 0.3 11 MPT SIC
Post 07 Tivoli RC-01 42.0409 -73.9207 59-60 59.5 43.6 7.7 27.5 3.8 68.8 3.3 90.8 3.1 68.6 14.0 14.1 3.5 47 0.2 8 MUCK
Post 07 Tivoli RC-01 42.0409 -73.9207 69-70 69.5 35.5 3.7 23.6 11.7 66.5 2.5 96.3 2.5 88.8 8.8 13.6 2.7 47 0.2 9 MUCK
Post 07 Tivoli RC-01 42.0409 -73.9207 79-80 79.5 30.8 3.7 29.8 11.3 73.4 2.8 112.9 2.9 94.6 8.4 12.6 2.7 73 0.1 8 PEAT 
Post 07 Tivoli RC-01 42.0409 -73.9207 89-90 89.5 18.0 3.8 19.5 11.9 56.5 2.9 106.7 2.4 89.6 8.7 9.6 2.2 70 0.1 8 PEAT 
Post 07 Tivoli RC-01 42.0409 -73.9207 99-100 99.5 21.5 3.8 16.4 12.1 32.7 3.9 68.1 2.9 79.7 9.4 12.6 2.7 72 0.1 7 PEAT 
Post 07Tivoli-RC-01 42.0409 -73.9207 0-1 0.5 171.6 4.7 10.8 0.6 107.8 2.2 88.7 1.0 171.9 2.3 51.8 2.4 N/A 0.4 N/A SIC
Post 07Tivoli-RC-01 42.0409 -73.9207 9-10 9.5 192.1 4.7 13.8 0.7 104.9 2.2 85.6 1.0 158.9 2.3 70.4 2.3 N/A 0.3 N/A SIC
Post 07Tivoli-RC-01 42.0409 -73.9207 19-20 19.5 232.2 5.7 10.8 0.6 104.9 2.2 89.7 1.0 167.9 2.3 94.1 3.4 N/A 0.3 N/A SIC
Post 07Tivoli-RC-01 42.0409 -73.9207 29-30 29.5 243.5 5.7 10.8 0.6 103.0 2.2 91.7 1.0 142.0 2.4 97.2 3.4 N/A 0.4 N/A SIC
Post 07Tivoli-RC-01 42.0409 -73.9207 39-40 39.5 144.8 4.9 11.8 0.7 99.2 2.2 99.9 1.0 125.0 1.2 58.0 2.4 N/A 0.3 N/A MPT SIC
Post 07Tivoli-RC-01 42.0409 -73.9207 49-50 49.5 97.6 4.0 21.8 0.8 95.4 2.2 109.0 1.0 107.1 1.3 28.1 2.8 N/A 0.3 N/A MPT SIC
Post 07Tivoli-RC-01 42.0409 -73.9207 59-60 59.5 57.5 3.4 21.8 0.8 74.4 2.3 96.8 1.0 80.2 1.4 19.9 3.3 N/A 0.2 N/A MUCK
Post 07Tivoli-RC-01 42.0409 -73.9207 69-70 69.5 54.4 3.5 20.8 0.8 72.5 1.2 98.9 1.0 82.2 1.4 18.8 3.4 N/A 0.2 N/A MUCK
Post 07Tivoli-RC-01 42.0409 -73.9207 79-80 79.5 40.0 4.7 23.8 0.8 68.6 1.2 100.9 1.0 80.2 1.4 15.7 2.0 N/A 0.1 N/A PEAT 
Post 07Tivoli-RC-01 42.0409 -73.9207 89-90 89.5 39.0 4.9 16.8 0.7 60.0 1.2 111.1 1.0 77.2 1.4 18.8 3.4 N/A 0.1 N/A PEAT 
Post 07Tivoli-RC-01 42.0409 -73.9207 97-98 97.5 41.0 4.6 17.8 0.7 48.6 1.3 90.7 1.0 71.2 1.5 20.9 1.6 N/A 0.1 N/A PEAT 
Post 07 Tivoli RC02 42.0409 -73.9207 0-1 0.5 206.3 13.7 24.6 18.5 108.8 2.1 95.4 2.6 143.2 7.7 72.8 6.3 N/A 0.4 N/A SIC
Post 07 Tivoli RC02 42.0409 -73.9207 9-10 9.5 197.8 13.4 34.2 17.5 97.0 2.3 90.1 1.9 146.6 7.5 105.6 6.2 N/A 0.3 N/A SIC
Post 07 Tivoli RC02 42.0409 -73.9207 19-20 19.5 284.8 6.1 31.6 21.6 93.0 2.4 95.5 1.8 125.0 7.9 115.7 3.7 N/A 0.3 N/A SIC
Post 07 Tivoli RC02 42.0409 -73.9207 29-30 29.5 218.6 4.9 16.5 23.3 82.8 2.7 105.2 1.7 166.3 6.3 121.2 3.7 N/A 0.4 N/A SIC
Post 07 Tivoli RC02 42.0409 -73.9207 39-40 39.5 109.4 4.1 12.2 23.8 71.6 2.6 110.5 1.6 175.2 6.1 70.5 2.8 N/A 0.3 N/A MPT SIC
Post 07 Tivoli RC02 42.0409 -73.9207 49-50 49.5 89.7 4.1 16.5 23.3 77.7 2.9 92.3 1.8 131.7 7.4 36.3 2.9 N/A 0.3 N/A MPT SIC
Post 07 Tivoli RC02 42.0409 -73.9207 59-60 59.5 79.2 4.2 27.3 22.1 78.7 2.9 99.8 1.7 135.1 7.5 16.5 3.0 N/A 0.2 N/A MUCK
Post 07 Tivoli RC02 42.0409 -73.9207 69-70 69.5 58.3 3.5 32.6 21.5 82.8 2.7 116.9 2.5 98.3 9.0 16.5 3.0 N/A 0.2 N/A MUCK
Post 07 Tivoli RC02 42.0409 -73.9207 79-80 79.5 46.7 3.6 27.3 22.1 67.5 2.8 93.4 1.8 73.7 10.3 12.1 3.0 N/A 0.1 N/A PEAT 
Post 07 Tivoli RC02 42.0409 -73.9207 89-90 89.5 51.4 3.5 23.0 22.5 93.0 2.4 108.4 1.6 86.0 9.6 14.3 3.0 N/A 0.1 N/A PEAT 
Post 07 Tivoli RC02 42.0409 -73.9207 99-100 99.5 45.6 3.6 20.8 22.8 71.6 2.6 100.9 1.7 82.7 9.8 16.5 3.0 N/A 0.1 N/A PEAT 
Post 07 Tivoli RC03 42.0337 -73.9162 0-1 0.5 222.2 13.6 28.9 18.1 109.8 2.1 101.8 2.6 148.8 7.4 71.7 6.3 N/A 0.4 N/A SIC
Post 07 Tivoli RC03 42.0337 -73.9162 9-10 9.5 299.5 13.2 17.1 19.4 102.9 2.2 98.6 1.8 151.1 7.4 119.4 6.1 N/A 0.3 N/A SIC
Post 07 Tivoli RC03 42.0337 -73.9162 19-20 19.5 224.4 4.9 16.5 23.3 98.1 2.3 101.9 1.7 141.7 7.2 89.2 3.7 N/A 0.3 N/A SIC
Post 07 Tivoli RC03 42.0337 -73.9162 29-30 29.5 114.1 4.0 14.4 23.5 93.0 2.4 95.5 1.8 117.2 8.0 73.8 2.8 N/A 0.4 N/A MPTSIC
Post 07 Tivoli RC03 42.0337 -73.9162 39-40 39.5 110.6 4.0 16.5 23.3 106.2 2.2 93.4 1.8 138.4 7.3 41.9 2.9 N/A 0.3 N/A MPT SIC
Post 07 Tivoli RC03 42.0337 -73.9162 49-50 49.5 57.2 3.5 27.3 22.1 60.4 3.2 90.2 1.9 83.8 9.7 13.2 3.0 N/A 0.3 N/A MPT SIC
Post 07 Tivoli RC03 42.0337 -73.9162 59-60 59.5 37.4 3.6 28.3 21.9 78.7 2.9 113.7 2.5 78.2 10.0 12.1 3.0 N/A 0.2 N/A MUCK
Post 07 Tivoli RC03 42.0337 -73.9162 69-70 69.5 28.1 3.7 24.0 22.4 73.6 3.1 111.6 1.6 74.8 10.2 11.0 2.4 N/A 0.2 N/A MUCK









Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 07 Tivoli RC03 42.0337 -73.9162 89-90 89.5 17.7 3.8 31.6 21.6 55.3 3.5 114.8 1.6 61.5 10.9 14.3 3.0 N/A 0.1 N/A PEAT 
Post 07 Tivoli RC03 42.0337 -73.9162 99-100 99.5 14.2 3.3 28.3 21.9 50.2 3.7 123.4 2.5 53.7 11.3 9.9 2.4 N/A 0.1 N/A PEAT 
Post S7 09 Bard Trapabed 42.0337 -73.9162 0-2 1.0 58.0 13.8 2.0 21.2 76.2 2.8 94.4 2.6 415.7 15.0 24.1 5.9 N/A 1.9 N/A SICL
Post S8 09 Little Sawkill 42.0337 -73.9162 0-2 1.0 142.8 13.7 14.9 19.6 86.1 2.5 105.0 2.5 254.2 6.5 35.7 5.9 N/A 2.3 N/A GRCOS
Post 08 Rondout RC1 41.9190 -73.9810 0-1 0.5 243.4 13.5 45.0 16.5 84.1 2.6 73.1 2.0 148.8 7.4 57.9 5.8 N/A 0.9 N/A COS
Post 08 Rondout RC1 41.9190 -73.9810 9-10 9.5 304.8 13.6 70.8 15.1 87.1 2.5 76.3 2.0 155.6 7.2 97.1 6.2 N/A 1.0 N/A SICL
Post 08 Rondout RC1 41.9190 -73.9810 19-20 19.5 294.1 6.1 31.6 21.6 76.7 3.0 55.9 2.8 146.2 7.0 352.5 5.8 N/A 1.2 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 29-30 29.5 829.4 12.8 17.6 23.2 63.4 3.0 59.1 2.7 154.0 6.8 405.4 5.9 N/A 1.2 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 39-40 39.5 195.4 4.9 2.5 25.2 71.6 2.6 61.2 2.6 459.5 16.3 176.2 3.6 N/A 1.0 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 49-50 49.5 433.4 7.8 2.5 25.2 32.9 4.7 28.0 3.7 99.4 9.1 557.4 7.3 N/A 1.2 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 59-60 59.5 215.1 4.9 3.6 24.9 58.3 3.3 78.4 2.1 291.1 7.2 310.6 5.7 N/A 1.2 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 69-70 69.5 816.6 12.6 7.9 24.3 72.6 2.6 84.8 2.0 212.0 5.5 777.7 9.0 N/A 1.1 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 79-80 79.5 81.6 4.2 1.4 25.2 70.6 3.2 51.6 2.9 358.0 10.4 27.5 3.0 N/A 1.1 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 89-90 89.5 87.4 4.2 2.5 25.2 75.7 3.0 55.9 2.8 364.7 10.7 29.7 3.0 N/A 0.9 N/A SCL
Post 08 Rondout RC1 41.9190 -73.9810 99-100 99.5 83.9 4.2 1.4 25.2 72.6 2.6 51.6 2.9 320.1 8.5 34.1 3.0 N/A 1.0 N/A GRSCL
Post S1 08 Rondout 01 41.9190 -73.9810 0-2 1.0 236.0 13.5 53.6 15.9 74.2 2.9 81.6 1.9 132.0 8.2 53.7 5.8 N/A 1.5 N/A GRSCL
Post 09 Norrie Point RC1 41.8390 -73.9323 0-2 1.0 189.4 13.4 27.8 18.2 104.9 2.2 100.8 1.8 183.6 6.3 54.8 6.3 N/A 0.7 N/A MPM SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 9-10 9.5 206.3 13.7 19.2 19.1 108.8 2.1 98.6 1.8 184.7 6.3 70.7 6.3 N/A 0.6 N/A MPM SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 19-20 19.5 215.1 4.9 10.0 24.1 114.3 2.2 94.4 1.8 170.7 6.2 105.7 3.7 N/A 0.7 N/A MPM SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 29-30 29.5 196.5 4.9 10.0 24.1 114.3 2.2 92.3 1.8 157.3 6.6 92.5 3.7 N/A 0.6 N/A SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 39-40 39.5 147.7 5.0 6.8 24.5 114.3 2.2 88.0 1.9 176.3 6.1 65.0 3.8 N/A 0.7 N/A SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 49-50 49.5 130.3 5.0 9.0 24.2 118.4 2.3 86.9 1.9 184.1 5.9 36.3 2.9 N/A 0.8 N/A SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 59-60 59.5 109.4 4.1 7.9 24.3 112.3 2.2 89.1 1.9 191.9 5.7 22.0 3.0 N/A 0.7 N/A SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 69-70 69.5 115.2 4.0 6.8 24.5 114.3 2.2 86.9 1.9 177.4 6.0 22.0 3.0 N/A 0.7 N/A SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 79-80 79.5 108.3 4.1 10.0 24.1 106.2 2.2 85.9 2.0 215.3 5.5 19.8 3.0 N/A 0.6 N/A SIC
Post 09 Norrie Point RC1 41.8390 -73.9323 86-87 86.5 99.0 4.1 12.2 23.8 102.1 2.3 84.8 2.0 204.2 5.6 19.8 3.0 N/A 0.7 N/A MPM SIC
Post Marlboro 41.6023 -73.9593 0-1 0.5 233.6 4.7 53.7 1.0 54.2 1.3 103.7 1.1 174.4 2.3 94.3 2.3 N/A 0.7 N/A MPM SIC
Post Marlboro 41.6023 -73.9593 9-10 9.5 293.7 5.7 49.6 1.0 70.7 2.4 74.6 1.1 160.7 2.3 110.0 3.4 N/A 1.2 N/A MPM SIC
Post Marlboro 41.6023 -73.9593 19-20 19.5 310.3 5.7 66.1 2.0 67.6 1.2 80.9 1.1 146.1 1.2 218.5 4.3 N/A 0.6 N/A SIC
Post Marlboro 41.6023 -73.9593 29-30 29.5 277.2 5.8 69.2 2.0 64.5 2.4 76.7 1.1 140.6 2.4 247.7 4.3 N/A 1.3 N/A SIC
Post Marlboro 41.6023 -73.9593 39-40 39.5 220.1 13.0 29.0 2.8 61.4 2.5 78.8 1.1 161.6 4.6 208.0 9.8 N/A 1.0 N/A SIC
Post Marlboro 41.6023 -73.9593 49-50 49.5 350.8 6.7 32.0 0.9 67.6 1.2 81.9 1.1 153.4 2.3 200.7 4.4 N/A 0.6 N/A SIC
Post Marlboro 41.6023 -73.9593 59-60 59.5 288.6 5.7 21.7 0.9 77.9 2.4 71.5 1.1 177.1 2.2 147.5 3.3 N/A 1.0 N/A SIC
Post Marlboro 41.6023 -73.9593 69-70 69.5 227.4 4.7 14.5 0.9 81.0 2.3 79.8 1.1 180.8 2.2 117.3 3.4 N/A 0.6 N/A SIC
Post Marlboro 41.6023 -73.9593 79-80 79.5 135.1 3.9 18.6 0.9 75.9 2.4 67.4 1.1 163.4 2.3 50.5 2.5 N/A 1.1 N/A SIC
Post Marlboro 41.6023 -73.9593 89-90 89.5 125.8 4.0 29.0 2.8 84.1 2.3 70.5 1.1 147.0 2.4 27.6 3.1 N/A 0.6 N/A C








Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 09 Wappinger RC1 41.4866 -73.9634 0-1 0.5 244.4 13.5 11.7 20.0 95.0 2.3 86.9 1.9 272.2 7.1 75.9 6.3 13 0.4 31 MPM SIC
Post 09 Wappinger RC1 41.4866 -73.9634 9-10 9.5 220.1 13.6 9.6 20.3 91.0 2.4 79.5 2.0 273.3 7.1 71.7 6.3 12 0.4 37 MPM SIC
Post 09 Wappinger RC1 41.4866 -73.9634 19-20 19.5 252.3 6.1 12.2 23.8 100.1 2.3 80.5 2.1 261.0 6.2 76.0 3.7 12 0.5 41 MPT SC
Post 09 Wappinger RC1 41.4866 -73.9634 29-30 29.5 349.8 7.4 3.6 24.9 87.9 2.6 78.4 2.1 290.0 7.2 153.1 3.6 10 0.4 39 SC
Post 09 Wappinger RC1 41.4866 -73.9634 39-40 39.5 417.1 7.7 7.9 24.3 89.9 2.5 80.5 2.1 265.5 6.3 174.0 4.6 8 0.6 57 SC
Post 09 Wappinger RC1 41.4866 -73.9634 49-50 49.5 459.0 9.0 4.7 24.7 98.1 2.3 81.6 2.1 217.6 5.5 182.9 4.6 24 0.3 22 SC
Post 09 Wappinger RC1 41.4866 -73.9634 59-60 59.5 456.6 7.9 2.5 25.2 76.7 3.0 75.2 2.2 190.8 5.8 135.5 3.6 14 0.4 30 SC
Post 09 Wappinger RC1 41.4866 -73.9634 69-70 69.5 138.5 5.0 5.7 24.6 83.8 2.7 67.6 2.4 219.8 5.5 218.1 4.6 5 1.1 102 SC
Post 09 Wappinger RC1 41.4866 -73.9634 79-80 79.5 3107.7 45.7 4.7 24.7 87.9 2.6 78.4 2.1 217.6 5.5 462.7 7.0 22 0.5 39 SC
Post 09 Wappinger RC1 41.4866 -73.9634 89-90 89.5 540.2 9.5 5.7 24.6 89.9 2.5 82.7 2.0 206.4 5.6 188.4 4.6 10 0.5 41 SC
Post 09 Wappinger RC1 41.4866 -73.9634 96-97 96.5 535.6 9.5 3.6 24.9 78.7 2.9 80.5 2.1 157.3 6.6 158.6 3.6 10 0.4 40 FSL
Post S13 09 Wappinger 41.4866 -73.9634 0-2 1.0 214.8 13.7 7.4 20.5 82.1 2.6 84.8 1.9 240.8 6.2 64.3 6.3 N/A 1.5 N/A SC
Post 09 Con RC01 41.4033 -73.9389 0-1 0.5 180.6 5.3 0.0 1.4 109.3 3.0 95.3 2.2 154.4 25.5 59.2 3.8 18 0.1 11 MPT SIC
Post 09 Con RC01 41.4033 -73.9389 0-2 1.0 180.6 5.3 0.0 1.4 108.6 2.9 88.7 2.0 140.8 27.2 76.3 3.8 22 0.2 N/A MPT SIC
Post 09 Con RC01 41.4033 -73.9389 9-10 9.5 245.1 6.2 0.0 1.4 113.2 3.5 92.4 1.8 148.1 26.3 72.9 3.8 23 0.2 15 MPM SIC
Post 09 Con RC01 41.4033 -73.9389 19-20 19.5 302.8 6.2 0.0 1.4 110.1 3.1 90.2 1.9 141.8 27.1 122.8 3.7 21 0.2 18 SIC
Post 09 Con RC01 41.4033 -73.9389 29-30 29.5 375.2 7.6 0.0 1.4 95.4 2.1 85.8 2.2 104.3 32.2 159.1 3.7 39 0.1 5 SIC
Post 09 Con RC01 41.4033 -73.9389 39-40 39.5 260.9 6.2 0.0 1.4 96.2 2.1 86.5 2.1 95.9 33.4 102.4 3.7 44 0.1 4 PEAT SIC
Post 09 Con RC01 41.4033 -73.9389 49-50 49.5 81.1 4.6 0.0 1.4 79.9 4.0 88.0 2.1 91.8 34.0 133.0 3.7 47 0.1 4 PEAT C
Post 09 Con RC01 41.4033 -73.9389 59-60 59.5 38.1 5.2 0.1 1.4 76.0 4.6 109.9 2.4 71.9 36.8 19.5 3.1 62 0.1 3 PEAT C
Post 09 Con RC01 41.4033 -73.9389 69-70 69.5 31.3 5.3 0.1 1.4 63.6 6.7 82.9 2.4 56.3 39.1 7.0 2.4 67 0.1 2 PEAT 
Post 09 Con RC01 41.4033 -73.9389 79-80 79.5 42.6 5.1 0.1 1.4 69.1 5.7 90.9 1.9 61.5 38.3 10.4 2.4 58 0.1 4 PEAT
Post 09 Con RC01 41.4033 -73.9389 89-90 89.5 41.5 5.1 0.1 1.4 72.9 5.0 100.4 1.8 64.6 37.9 5.9 2.4 57 0.1 3 PEAT
Post 09 Con RC01 41.4033 -73.9389 99-100 99.5 34.7 5.2 0.1 1.4 80.7 3.9 109.1 2.7 71.9 36.8 4.8 5.0 51 0.1 3 PEAT
Post 07 Manitou RC01 41.4000 -74.0000 10-12 11.0 167.2 5.0 134.1 10.0 87.3 2.4 99.4 2.4 116.1 7.0 117.3 4.8 N/A 0.3 N/A MPT SIC
Post 07 Manitou RC01 41.4000 -74.0000 20-22 21.0 216.1 4.9 100.0 9.3 76.4 2.7 108.8 2.3 99.6 8.1 100.1 4.2 N/A 0.4 N/A MPT SIC
Post 07 Manitou RC01 41.4000 -74.0000 29-30 30.0 205.6 4.9 107.3 9.3 87.3 2.4 117.1 2.2 109.5 7.4 93.1 4.0 N/A 0.4 N/A MPM SIC
Post 07 Manitou RC01 41.4000 -74.0000 39-41 40.0 136.9 4.0 152.7 10.8 88.3 2.4 117.1 2.2 110.3 7.3 67.9 2.6 N/A 0.3 N/A MPM
Post 07 Manitou RC01 41.4000 -74.0000 49-51 50.0 154.3 3.9 168.2 11.6 57.5 2.8 133.8 2.1 83.0 9.2 26.7 2.4 N/A 0.4 N/A MUCK
Post 07 Manitou RC01 41.4000 -74.0000 60-62 61.0 164.8 3.9 117.6 9.5 50.6 3.1 117.1 2.2 79.7 9.4 18.6 2.6 N/A 0.4 N/A MUCK
Post 07 Manitou RC01 41.4000 -74.0000 69-71 70.0 34.7 5.2 0.0 1.4 65.2 6.4 109.1 2.7 65.7 37.7 13.8 3.1 N/A 0.3 N/A PEAT
Post 07 Manitou RC01 41.4000 -74.0000 79-81 80.0 22.7 3.2 99.0 9.3 49.6 3.1 120.2 2.2 78.9 9.5 13.6 2.7 N/A 0.3 N/A PEAT
Post 07 Manitou RC01 41.4000 -74.0000 90-92 91.0 32.5 5.3 0.0 1.4 85.3 3.2 105.5 2.4 95.9 33.4 9.3 3.1 N/A 0.2 N/A PEAT
Post IONA-07-RC-01 41.3023 -73.9751 1-4 2.5 159.0 5.0 210.5 3.1 61.4 2.5 78.8 1.1 84.0 1.5 33.8 2.8 33 0.1 7 MPM SIC
Post IONA-07-RC-01 41.3023 -73.9751 4-5 4.5 150.7 3.8 161.0 2.0 54.2 1.3 64.2 1.1 76.7 1.6 37.0 2.7 33 0.1 7 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 5-6.3 5.7 178.7 4.9 157.9 2.0 68.7 2.4 80.9 1.1 86.7 1.5 51.6 2.5 25 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 6.3-7.6 7.0 176.6 4.9 146.6 2.0 61.4 2.5 74.6 1.1 84.0 1.5 38.0 2.7 25 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 7.6-8.9 8.3 168.3 5.0 142.4 2.0 71.7 2.4 76.7 1.1 90.4 1.4 48.5 2.6 25 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 9-10 9.5 161.0 5.0 135.2 2.0 77.9 2.4 76.7 1.1 94.9 1.4 53.7 2.5 25 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 10-11 10.5 181.8 4.9 134.2 2.0 66.6 2.4 74.6 1.1 85.8 1.5 48.5 2.6 28 0.2 16 MPM C








Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post IONA-07-RC-01 41.3023 -73.9751 12-13 12.5 223.2 4.7 106.3 2.0 58.3 1.2 77.8 1.1 83.1 1.5 67.2 2.4 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 13-14 13.5 198.4 4.8 147.6 2.0 73.8 2.4 77.8 1.1 87.6 1.5 76.6 2.4 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 14-15 14.5 211.8 4.8 128.0 2.0 93.4 2.3 88.1 1.1 105.0 1.3 121.5 3.4 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 15-16 15.5 229.5 4.7 112.5 2.0 89.3 2.3 85.0 1.1 101.3 1.4 139.2 3.3 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 16-17 16.5 239.8 5.8 112.5 2.0 98.6 2.3 88.1 1.1 103.2 1.3 154.9 3.3 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 17-18 17.5 249.2 4.7 89.8 2.0 96.5 2.3 87.1 1.1 106.8 1.3 179.9 3.3 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 18-19 18.5 230.5 4.7 111.5 2.0 93.4 2.3 89.2 1.1 105.0 1.3 155.9 3.3 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 19-20 19.5 267.8 5.8 100.1 2.0 68.7 2.4 77.8 1.1 86.7 1.5 152.8 3.3 28 0.2 16 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 20-21 20.5 234.6 5.9 104.3 2.0 83.1 2.3 90.2 1.1 99.5 1.4 118.3 3.4 25 0.3 19 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 21-22 21.5 234.6 5.9 137.3 2.0 77.9 2.4 93.3 1.1 93.1 1.4 131.9 3.4 25 0.3 19 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 22-23 22.5 268.9 5.8 110.5 2.0 61.4 2.5 93.3 1.1 83.1 1.5 124.6 3.4 25 0.3 19 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 23-24 23.5 287.5 4.6 88.8 2.0 35.6 1.4 90.2 1.1 65.7 1.8 76.6 2.4 25 0.3 19 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 24-25 24.5 289.6 5.7 76.4 2.0 29.4 1.5 95.4 1.1 64.8 1.9 63.1 2.4 25 0.3 19 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 25-26 25.5 442.0 6.6 121.8 2.0 42.9 1.3 106.9 1.1 71.2 1.7 88.1 2.3 28 0.2 14 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 26-27 26.5 392.2 5.6 105.3 2.0 41.8 1.3 111.0 1.1 66.6 1.8 94.3 2.3 28 0.2 14 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 27-28 27.5 320.7 5.7 129.0 2.0 77.9 2.4 110.0 1.1 87.6 1.5 124.6 3.4 28 0.2 14 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 28-29 28.5 303.1 5.7 114.6 2.0 72.8 2.4 99.6 1.1 87.6 1.5 118.3 3.4 28 0.2 14 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 29-30 29.5 490.7 6.6 104.3 2.0 71.7 2.4 105.8 1.1 88.5 1.5 132.9 3.4 28 0.2 14 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 30-31 30.5 267.8 5.8 98.1 2.0 61.4 2.5 89.2 1.1 79.4 1.6 98.5 3.4 29 0.2 15 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 31-32 31.5 218.1 4.7 91.9 2.0 79.0 2.4 101.7 1.1 85.8 1.5 92.3 3.5 29 0.2 15 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 32-33 32.5 211.8 4.8 97.1 2.0 74.8 2.4 93.3 1.1 89.4 1.4 100.6 3.4 29 0.2 15 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 33-34 33.5 239.8 5.8 107.4 2.0 75.9 2.4 96.5 1.1 85.8 1.5 111.0 3.4 29 0.2 15 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 34-35 34.5 203.5 4.8 105.3 2.0 62.5 1.2 93.3 1.1 81.2 1.5 102.7 3.4 29 0.2 15 MPM C
Post IONA-07-RC-01 41.3023 -73.9751 35-36 35.5 167.3 5.0 112.5 2.0 60.4 2.5 91.3 1.1 82.1 1.5 74.5 2.4 30 0.2 16 MUCK
Post IONA-07-RC-01 41.3023 -73.9751 36-37 36.5 168.3 5.0 113.6 2.0 57.3 1.2 85.0 1.1 78.5 1.6 77.7 2.4 30 0.2 16 MUCK
Post IONA-07-RC-01 41.3023 -73.9751 37-38 37.5 152.8 5.0 121.8 2.0 65.6 2.4 81.9 1.1 87.6 1.5 85.0 3.5 30 0.2 16 MUCK
Post IONA-07-RC-01 41.3023 -73.9751 38-39 38.5 139.3 3.9 144.5 2.0 74.8 2.4 87.1 1.1 89.4 1.4 62.0 2.4 30 0.2 16 MUCK
Post IONA-07-RC-01 41.3023 -73.9751 39-40 39.5 123.7 4.0 161.0 2.0 84.1 2.3 104.8 1.1 94.9 1.4 57.8 2.5 30 0.2 16 MUCK
Post IONA-07-RC-01 41.3023 -73.9751 40-41 40.5 94.7 4.4 171.3 2.0 79.0 2.4 104.8 1.1 92.2 1.4 51.6 2.5 27 0.3 19 MUCK C
Post IONA-07-RC-01 41.3023 -73.9751 41-42 41.5 99.9 4.3 174.4 2.0 74.8 2.4 96.5 1.1 90.4 1.4 52.6 2.5 27 0.3 19 MUCK C
Post IONA-07-RC-01 41.3023 -73.9751 42-43 42.5 107.1 4.2 189.9 2.0 63.5 2.4 91.3 1.1 82.1 1.5 42.2 2.6 27 0.3 19 MUCK C
Post IONA-07-RC-01 41.3023 -73.9751 43-44 43.5 87.4 4.5 215.7 3.1 52.1 2.5 100.6 1.1 79.4 1.6 34.9 2.8 27 0.3 19 MUCK C
Post IONA-07-RC-01 41.3023 -73.9751 44-45 44.5 71.9 3.3 248.7 3.1 55.2 2.5 114.1 1.1 76.7 1.6 28.6 3.0 27 0.3 19 MUCK C
Post IONA-07-RC-01 41.3023 -73.9751 45-46 45.5 63.6 3.6 224.0 3.1 53.2 1.3 98.5 1.1 78.5 1.6 32.8 2.9 35 0.3 18 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 46-47 46.5 87.4 4.5 207.4 3.1 56.3 2.5 94.4 1.1 81.2 1.5 33.8 2.8 35 0.3 18 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 47-48 47.5 100.9 4.3 196.1 2.0 60.4 2.5 98.5 1.1 81.2 1.5 37.0 2.7 35 0.3 18 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 48-49 48.5 93.7 4.4 214.7 3.1 79.0 2.4 99.6 1.1 90.4 1.4 40.1 2.7 35 0.3 18 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 49-50 49.5 93.7 4.4 240.5 3.1 86.2 2.3 101.7 1.1 101.3 1.4 37.0 2.7 35 0.3 18 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 50-51 50.5 74.0 3.3 252.8 3.1 75.9 2.4 89.2 1.1 92.2 1.4 32.8 2.9 30 0.2 15 PEAT C









Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post IONA-07-RC-01 41.3023 -73.9751 52-53 52.5 82.3 3.1 262.1 3.1 83.1 2.3 106.9 1.1 97.7 1.4 30.7 2.9 30 0.2 15 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 53-54 53.5 74.0 3.3 251.8 3.1 76.9 2.4 98.5 1.1 94.9 1.4 29.7 3.0 30 0.2 15 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 54-55 54.5 72.9 3.3 270.4 3.1 77.9 2.4 100.6 1.1 94.9 1.4 28.6 3.0 30 0.2 15 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 55-56 55.5 69.8 3.4 300.3 3.1 82.1 2.3 103.7 1.1 102.2 1.3 26.5 3.1 26 0.2 18 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 56-57 56.5 69.8 3.4 300.3 3.1 77.9 2.4 102.7 1.1 96.8 1.4 26.5 3.1 26 0.2 18 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 57-58 57.5 68.8 3.4 280.7 3.1 68.7 2.4 96.5 1.1 94.9 1.4 24.5 3.3 26 0.2 18 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 58-59 58.5 64.6 3.6 296.2 3.1 70.7 2.4 103.7 1.1 91.3 1.4 25.5 3.2 26 0.2 18 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 59-60 59.5 59.5 3.8 324.0 3.1 60.4 2.5 112.1 1.1 86.7 1.5 20.3 3.7 26 0.2 18 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 60-61 60.5 53.2 4.3 319.9 3.1 54.2 1.3 99.6 1.1 85.8 1.5 18.2 4.0 42 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 61-62 61.5 57.4 4.0 320.9 3.1 54.2 1.3 103.7 1.1 80.3 1.5 20.3 3.7 42 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 62-63 62.5 56.3 4.0 318.9 3.1 55.2 2.5 114.1 1.1 78.5 1.6 21.3 3.6 42 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 63-64 63.5 48.0 4.8 312.7 3.1 49.0 1.3 114.1 1.1 74.8 1.6 18.2 4.0 42 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 64-65 64.5 44.9 5.3 309.6 3.1 37.7 1.4 111.0 1.1 69.3 1.7 18.2 4.0 42 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 65-66 65.5 46.0 5.1 324.0 3.1 37.7 1.4 113.1 1.1 74.8 1.6 17.2 2.1 46 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 66-67 66.5 46.0 5.1 342.6 3.1 32.5 1.5 119.3 1.1 71.2 1.7 20.3 3.7 46 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 67-68 67.5 50.1 4.6 317.8 3.1 33.6 1.5 123.5 1.1 69.3 1.7 18.2 4.0 46 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 68-69 68.5 51.2 4.4 315.8 3.1 37.7 1.4 117.3 1.1 70.3 1.7 16.1 2.3 46 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 69-70 69.5 53.2 4.3 308.6 3.1 34.6 1.4 116.2 1.1 73.0 1.7 17.2 2.1 46 0.2 9 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 70-71 70.5 51.2 4.4 306.5 3.1 29.4 1.5 100.6 1.1 66.6 1.8 16.1 2.3 44 0.1 6 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 71-72 71.5 48.0 4.8 293.1 3.1 32.5 1.5 97.5 1.1 66.6 1.8 18.2 4.0 44 0.1 6 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 72-73 72.5 59.5 3.8 284.8 3.1 35.6 1.4 102.7 1.1 67.5 1.8 20.3 3.7 44 0.1 6 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 73-74 73.5 51.2 4.4 295.2 3.1 32.5 1.5 108.9 1.1 66.6 1.8 19.2 1.9 44 0.1 6 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 74-75 74.5 39.8 6.6 291.0 3.1 26.3 1.6 103.7 1.1 64.8 1.9 20.3 3.7 44 0.1 6 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 75-76 75.5 47.0 4.9 318.9 3.1 24.3 1.7 111.0 1.1 63.9 1.9 17.2 2.1 42 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 76-77 76.5 49.1 4.7 307.5 3.1 19.1 2.1 117.3 1.1 61.1 2.0 20.3 3.7 42 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 77-78 77.5 51.2 4.4 307.5 3.1 25.3 1.7 114.1 1.1 66.6 1.8 18.2 4.0 42 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 78-79 78.5 49.1 4.7 345.7 3.1 25.3 1.7 121.4 1.1 66.6 1.8 15.1 2.5 42 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 79-80 79.5 48.0 4.8 361.2 3.1 22.2 1.9 115.2 1.1 65.7 1.8 17.2 2.1 42 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 80-81 80.5 53.2 4.3 351.9 3.1 18.1 2.3 110.0 1.1 61.1 2.0 18.2 4.0 40 0.1 7 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 81-82 81.5 50.1 4.6 374.6 3.1 26.3 1.6 120.4 1.1 68.4 1.8 18.2 4.0 40 0.1 7 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 82-83 82.5 48.0 4.8 367.4 3.1 37.7 1.4 120.4 1.1 77.6 1.6 14.0 2.8 40 0.1 7 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 83-84 83.5 44.9 5.3 429.3 4.1 33.6 1.5 111.0 1.1 75.7 1.6 17.2 2.1 40 0.1 7 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 84-85 84.5 50.1 4.6 360.2 3.1 32.5 1.5 110.0 1.1 71.2 1.7 18.2 4.0 40 0.1 7 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 85-86 85.5 44.9 5.3 368.4 3.1 24.3 1.7 105.8 1.1 68.4 1.8 17.2 2.1 42 0.2 10 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 86-87 86.5 50.1 4.6 374.6 3.1 25.3 1.7 111.0 1.1 69.3 1.7 16.1 2.3 42 0.2 10 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 87-88 87.5 54.3 4.2 381.8 3.1 29.4 1.5 103.7 1.1 71.2 1.7 17.2 2.1 42 0.2 10 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 88-89 88.5 46.0 5.1 372.5 3.1 30.5 1.5 106.9 1.1 71.2 1.7 14.0 2.8 42 0.2 10 PEAT









Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post IONA-07-RC-01 41.3023 -73.9751 90-91 90.5 53.2 4.3 372.5 3.1 28.4 1.6 102.7 1.1 71.2 1.7 18.2 4.0 36 0.2 13 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 91-92 91.5 53.2 4.3 402.5 3.1 32.5 1.5 110.0 1.1 70.3 1.7 16.1 2.3 36 0.2 13 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 92-93 92.5 50.1 4.6 392.1 3.1 27.4 1.6 113.1 1.1 69.3 1.7 16.1 2.3 36 0.2 13 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 93-94 93.5 58.4 3.9 370.5 3.1 32.5 1.5 117.3 1.1 69.3 1.7 22.4 3.4 36 0.2 13 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 94-95 94.5 46.0 5.1 346.7 3.1 33.6 1.5 118.3 1.1 76.7 1.6 16.1 2.3 36 0.2 13 PEAT C
Post IONA-07-RC-01 41.3023 -73.9751 95-96 95.5 39.8 6.6 322.0 3.1 26.3 1.6 114.1 1.1 66.6 1.8 17.2 2.1 44 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 96-97 96.5 41.8 6.0 251.8 3.1 26.3 1.6 87.1 1.1 69.3 1.7 18.2 4.0 44 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 97-98 97.5 46.0 5.1 334.4 3.1 30.5 1.5 124.5 2.1 75.7 1.6 20.3 3.7 44 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 98-99 98.5 53.2 4.3 341.6 3.1 31.5 1.5 105.8 1.1 73.0 1.7 22.4 3.4 44 0.1 8 PEAT
Post IONA-07-RC-01 41.3023 -73.9751 99-100 99.5 57.4 4.0 333.3 3.1 42.9 1.3 120.4 1.1 81.2 1.5 24.5 3.3 44 0.1 8 PEAT
Post 09 Croton RC1 41.1982 -73.8693 0-1 0.5 171.4 13.5 447.7 66.5 58.4 3.4 74.1 2.0 61.4 11.8 43.1 5.9 N/A 0.2 N/A MPT 
Post 09 Croton RC1 41.1982 -73.8693 9-10 9.5 239.1 13.5 243.6 31.8 84.1 2.6 111.4 2.5 132.0 8.2 153.3 6.1 N/A 0.2 N/A MPT
Post 09 Croton RC1 41.1982 -73.8693 19-20 19.5 189.5 4.9 139.2 18.6 76.7 3.0 88.0 1.9 97.1 9.2 117.9 3.7 N/A 0.2 N/A MPM
Post 09 Croton RC1 41.1982 -73.8693 29-30 29.5 452.0 7.9 134.9 18.3 71.6 2.6 128.7 2.5 141.7 7.2 193.9 4.6 N/A 0.2 N/A MPM
Post 09 Croton RC1 41.1982 -73.8693 39-40 39.5 169.8 4.9 109.1 17.5 106.2 2.2 96.6 1.8 136.2 7.4 87.0 3.7 N/A 0.2 N/A MUCK C
Post 09 Croton RC1 41.1982 -73.8693 49-50 49.5 102.5 4.1 140.3 18.6 84.8 2.7 84.8 2.0 92.7 9.3 37.4 2.9 N/A 0.2 N/A MUCK C
Post 09 Croton RC1 41.1982 -73.8693 59-60 59.5 90.8 4.1 149.9 19.3 100.1 2.3 86.9 1.9 108.3 8.7 24.2 3.0 N/A 0.2 N/A MUCK C
Post 09 Croton RC1 41.1982 -73.8693 69-70 69.5 81.6 4.2 283.4 36.4 91.9 2.5 97.7 1.7 133.9 7.5 14.3 3.0 N/A 0.2 N/A MUCK
Post 09 Croton RC1 41.1982 -73.8693 79-80 79.5 29.3 3.7 261.9 33.2 93.0 2.4 107.3 2.5 136.2 7.4 8.8 3.0 N/A 0.2 N/A MUCK
Post 09 Croton RC1 41.1982 -73.8693 89-90 89.5 40.9 3.6 337.2 45.0 85.8 2.6 112.7 1.6 129.5 7.7 14.3 3.0 N/A 0.2 N/A MUCK
Post 09 Croton RC1 41.1982 -73.8693 99-100 99.5 43.2 3.6 315.7 41.6 80.7 2.8 120.2 2.5 117.2 8.0 8.8 3.0 N/A 0.2 N/A MUCK
Post Piermont07-RC-01 41.0290 -73.9069 0-1 0.5 139.7 4.9 335.0 3.0 79.1 2.3 71.3 1.0 104.1 1.3 67.3 2.3 47 0.3 17 MPT 
Post Piermont07-RC-01 41.0290 -73.9069 9-10 9.5 119.1 3.8 250.7 2.9 76.3 2.3 81.5 1.0 103.1 1.3 100.3 3.3 46 0.2 12 MPT
Post Piermont07-RC-01 41.0290 -73.9069 19-20 19.5 180.8 4.7 175.4 1.9 79.1 2.3 92.7 1.0 111.1 1.3 209.6 4.3 42 0.3 17 MPM
Post Piermont07-RC-01 41.0290 -73.9069 29-30 29.5 177.7 4.7 178.4 1.9 64.8 2.4 102.9 1.0 96.1 1.3 147.7 3.3 36 0.2 14 MPM
Post Piermont07-RC-01 41.0290 -73.9069 39-40 39.5 122.2 3.8 129.2 1.9 90.6 2.2 83.6 1.0 128.0 1.2 132.3 3.3 24 0.4 30 MUCK C
Post Piermont07-RC-01 41.0290 -73.9069 49-50 49.5 85.2 4.2 232.6 2.9 94.4 2.2 107.0 1.0 126.0 1.2 46.7 2.5 28 0.4 25 MUCK C
Post Piermont07-RC-01 41.0290 -73.9069 59-60 59.5 123.3 3.8 212.5 2.9 85.8 2.3 109.0 1.0 125.0 1.2 23.0 3.1 36 0.3 21 MUCK
Post Piermont07-RC-01 41.0290 -73.9069 69-70 69.5 82.2 4.2 167.4 1.9 95.4 2.2 96.8 1.0 151.0 2.4 19.9 3.3 24 0.4 32 MUCK
Post Piermont07-RC-01 41.0290 -73.9069 79-80 79.5 73.9 4.4 231.6 2.9 91.6 2.2 111.1 1.0 146.0 2.4 21.9 3.1 38 0.3 18 MUCK
Post Piermont07-RC-01 41.0290 -73.9069 89-90 89.5 71.9 4.5 683.3 5.0 49.5 2.6 114.1 2.1 79.2 1.4 12.7 12.7 41 0.3 17 MUCK
Post 98PMT 41.0290 -73.9069 88-92 90.0 119.4 4.0 361.3 27.9 57.5 2.8 105.6 2.4 106.2 7.6 9.6 2.2 41 0.1 13 MUCK
Post 98PMT 41.0290 -73.9069 96-100 98.0 98.4 4.1 496.6 40.6 53.6 3.4 112.9 2.9 99.6 8.1 17.6 2.6 48 0.1 13 MPT
Post 98PMT 41.0290 -73.9069 112-116 114.0 95.8 5.1 0.2 1.3 75.3 4.8 101.1 1.9 102.2 32.5 19.5 3.1 42 0.1 16 MPT
Post 98PMT 41.0290 -73.9069 STD 116.0 85.6 4.2 394.4 31.0 65.5 3.0 109.8 2.3 109.5 7.4 18.6 2.6 40 0.1 15 MPT
Post 98PMT 41.0290 -73.9069 120-124 122.0 577.7 10.2 0.2 1.3 76.0 4.6 98.9 1.8 89.7 34.3 17.3 3.1 39 0.2 18 MPT
Post 98PMT 41.0290 -73.9069 STD 124.0 601.8 9.6 445.0 35.7 65.5 3.0 107.7 2.3 100.4 8.0 17.6 2.6 36 0.2 25 MPT
Post 98PMT 41.0290 -73.9069 128-132 130.0 226.6 4.9 306.6 22.8 76.4 2.7 104.6 2.4 106.2 7.6 17.6 2.6 34 0.1 19 MPT








Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 98PMT 41.0290 -73.9069 STD 140.0 614.7 9.6 212.6 14.9 83.4 2.5 106.7 2.4 115.3 7.0 17.6 2.6 38 0.1 18 MPT
Post 98PMT 41.0290 -73.9069 STD 148.0 244.1 6.0 243.6 17.3 77.4 2.7 101.5 2.4 108.6 7.4 24.7 2.5 30 0.2 25 MPT
Post 98PMT 41.0290 -73.9069 160-164 162.0 857.0 12.3 161.0 11.2 91.3 2.4 97.3 2.5 131.8 6.2 22.6 2.5 28 0.2 34 MPT
Post 98PMT 41.0290 -73.9069 STD 164.0 854.7 13.2 154.8 10.9 90.3 2.4 100.4 2.4 132.6 6.1 22.6 2.5 31 0.2 24 MPT
Post 98PMT 41.0290 -73.9069 168-172 170.0 520.3 9.1 145.5 10.4 90.3 2.4 94.2 2.5 135.9 5.9 21.6 2.5 29 0.2 26 MPT
Post 98PMT 41.0290 -73.9069 STD 172.0 506.3 8.0 152.7 10.8 89.3 2.4 96.3 2.5 135.9 5.9 14.6 2.7 25 0.2 35 MPT
Post 98PMT 41.0290 -73.9069 STD 188.0 366.4 7.4 117.6 9.5 96.3 2.3 101.5 2.4 140.9 5.7 17.6 2.6 20 0.3 43 MPT
Post 98PMT 41.0290 -73.9069 192-196 194.0 244.1 6.0 162.0 11.3 88.3 2.4 98.3 2.4 133.4 6.1 15.6 2.7 40 0.1 16 MPT
Post 98PMT 41.0290 -73.9069 STD 196.0 238.2 6.0 159.9 11.2 86.3 2.5 98.3 2.4 134.3 6.0 17.6 2.6 33 0.2 26 MPT
Post 98PMT 41.0290 -73.9069 STD 202.0 97.2 4.1 145.5 10.4 96.3 2.3 85.8 2.6 149.1 5.3 10.6 2.8 33 0.2 23 MPT
Post 98PMT 41.0290 -73.9069 224-226 225.0 101.9 4.1 99.0 9.3 85.3 2.5 105.6 2.4 207.8 4.5 22.6 2.5 29 0.2 32 MPT
Post 98PMT 41.0290 -73.9069 232-234 233.0 108.9 4.1 117.6 9.5 97.3 2.3 85.8 2.6 145.8 5.4 8.5 2.9 22 0.4 56 MPT
Post 98PMT 41.0290 -73.9069 240-242 241.0 108.9 4.1 125.9 9.7 95.3 2.3 90.0 2.6 150.8 5.2 14.6 2.7 18 0.4 58 MPT
Post 98PMT 41.0290 -73.9069 STD 250.0 94.9 4.1 111.4 9.4 100.2 2.2 89.0 2.6 154.1 5.1 8.5 2.9 34 0.2 22 MPT
Post 98PMT 41.0290 -73.9069 300-301 300.5 105.1 4.3 112.6 4.3 98.6 2.8 84.1 3.4 152.2 7.8 14.1 3.5 17 0.5 83 MPT
Post 98PMT 41.0290 -73.9069 303-304 303.5 101.9 4.4 97.7 4.0 105.7 2.7 88.5 3.2 151.1 7.8 20.6 3.3 17 0.5 75 MPT
Post 98PMT 41.0290 -73.9069 307-308 307.5 92.2 4.9 89.2 3.9 104.5 2.7 81.9 3.5 139.5 8.5 11.9 3.5 18 0.4 66 MPT
Post 98PMT 41.0290 -73.9069 311-312 311.5 86.8 5.2 84.9 3.8 92.6 2.9 75.2 3.8 114.1 10.2 14.1 3.5 17 0.5 77 MPT
Post 98PMT 41.0290 -73.9069 315-316 315.5 93.2 4.8 82.8 3.8 104.5 2.7 93.0 3.0 140.5 8.4 18.4 3.4 17 0.6 92 MPT
Post 98PMT 41.0290 -73.9069 319-320 319.5 99.7 4.5 80.7 3.8 102.1 2.7 84.1 3.4 146.9 8.1 17.3 3.4 13 0.5 91 MPT
Post 98PMT 41.0290 -73.9069 323-324 323.5 104.0 4.4 104.1 4.1 99.7 2.7 81.9 3.5 143.7 8.2 18.4 3.4 13 0.5 95 MPT
Post 98PMT 41.0290 -73.9069 327-328 327.5 100.8 4.5 84.9 3.8 114.0 2.7 84.1 3.4 157.5 7.5 18.4 3.4 12 0.7 115 MPT
Post 98PMT 41.0290 -73.9069 331-332 331.5 113.8 5.0 94.5 4.0 117.6 2.8 89.6 3.1 164.9 7.1 21.7 3.3 12 0.5 95 MPT
Post 98PMT 41.0290 -73.9069 335-336 335.5 96.5 4.7 83.9 3.8 100.9 2.7 80.8 3.5 141.6 8.4 18.4 3.4 12 0.6 102 MPT
Post 98PMT 41.0290 -73.9069 339-340 339.5 107.3 4.3 106.2 4.2 108.1 2.7 84.1 3.4 169.1 7.0 19.5 3.4 12 0.5 85 MPT
Post 98PMT 41.0290 -73.9069 341-342 341.5 82.5 5.4 149.7 5.5 77.1 3.5 65.2 4.4 117.3 9.9 14.1 3.5 11 0.5 92 MPT
Post 98PMT 41.0290 -73.9069 347-348 347.5 99.7 4.5 87.1 3.8 108.1 2.7 77.4 3.7 153.2 7.7 11.9 3.5 11 0.6 99 MPT
Post 98PMT 41.0290 -73.9069 351-352 351.5 93.2 4.8 88.1 3.9 103.3 2.7 87.4 3.2 144.8 8.2 17.3 3.4 13 0.6 98 MPT
Post 98PMT 41.0290 -73.9069 355-356 355.5 99.7 4.5 93.4 3.9 103.3 2.7 91.9 3.0 153.2 7.7 22.8 3.3 13 0.5 82 MPT
Post 98PMT 41.0290 -73.9069 359-360 359.5 94.3 4.8 81.7 3.8 103.3 2.7 75.2 3.8 144.8 8.2 14.1 3.5 12 0.6 99 MPT
Post 98PMT 41.0290 -73.9069 367-368 367.5 99.7 4.5 89.2 3.9 111.7 2.7 81.9 3.5 161.7 7.3 13.0 3.5 13 0.5 85 MPT
Post 98PMT 41.0290 -73.9069 371-372 371.5 106.2 4.3 89.2 3.9 111.7 2.7 80.8 3.5 164.9 7.1 10.8 3.6 15 0.5 81 MPT
Post 98PMT 41.0290 -73.9069 375-376 375.5 108.4 4.2 91.3 3.9 106.9 2.7 85.2 3.3 164.9 7.1 18.4 3.4 14 0.5 87 MPT
Post 98PMT 41.0290 -73.9069 379-380 379.5 101.9 4.4 93.4 3.9 106.9 2.7 91.9 3.0 163.8 7.2 18.4 3.4 13 0.5 92 MPT
Post 98PMT 41.0290 -73.9069 383-384 383.5 105.1 4.3 90.2 3.9 112.8 2.7 77.4 3.7 167.0 7.0 15.2 3.5 12 0.5 96 MPT
Post 98PMT 41.0290 -73.9069 387-388 387.5 103.0 4.4 100.9 4.1 108.1 2.7 78.5 3.6 165.9 7.1 15.2 3.5 12 0.5 92 MPT
Post 98PMT 41.0290 -73.9069 391-392 391.5 107.3 4.3 90.2 3.9 104.5 2.7 76.3 3.8 164.9 7.1 10.8 3.6 12 0.5 88 MPT
Post 98PMT 41.0290 -73.9069 395-396 395.5 104.0 4.4 90.2 3.9 106.9 2.7 83.0 3.4 171.2 6.9 15.2 3.5 12 0.5 86 MPT
Post 98PMT 41.0290 -73.9069 400-401 400.5 107.3 4.3 99.8 4.0 106.9 2.7 84.1 3.4 167.0 7.0 14.1 3.5 13 0.5 86 MPT








Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 98PMT 41.0290 -73.9069 407-408 407.5 99.7 4.5 89.2 3.9 109.3 2.7 83.0 3.4 179.7 6.6 8.7 3.6 11 0.6 108 MPT
Post 98PMT 41.0290 -73.9069 411-412 411.5 109.4 4.2 89.2 3.9 112.8 2.7 86.3 3.3 171.2 6.9 13.0 3.5 12 0.5 90 MPT
Post 98PMT 41.0290 -73.9069 415-416 415.5 106.2 4.3 91.3 3.9 108.1 2.7 79.7 3.6 156.4 7.5 11.9 3.5 12 0.5 89 MPT
Post 98PMT 41.0290 -73.9069 419-420 419.5 113.8 5.0 83.9 3.8 108.1 2.7 83.0 3.4 160.6 7.3 15.2 3.5 12 0.5 93 MPT
Post 98PMT 41.0290 -73.9069 423-424 423.5 110.5 4.2 86.0 3.8 103.3 2.7 78.5 3.6 157.5 7.5 17.3 3.4 12 0.5 96 MPT
Post 98PMT 41.0290 -73.9069 427-428 427.5 105.1 4.3 82.8 3.8 104.5 2.7 86.3 3.3 160.6 7.3 15.2 3.5 12 0.6 102 MPT
Post 98PMT 41.0290 -73.9069 431-432 431.5 101.9 4.4 82.8 3.8 102.1 2.7 78.5 3.6 149.0 7.9 11.9 3.5 12 0.5 91 MPT
Post 98PMT 41.0290 -73.9069 433-434 433.5 103.0 4.4 88.1 3.9 110.5 2.7 86.3 3.3 171.2 6.9 16.3 3.4 12 0.6 98 MPT
Post 98PMT 41.0290 -73.9069 435-436 435.5 117.0 5.0 86.0 3.8 110.5 2.7 90.8 3.1 172.3 6.8 16.3 3.4 12 0.6 105 MPT
Post 98PMT 41.0290 -73.9069 439-440 439.5 105.1 4.3 84.9 3.8 108.1 2.7 88.5 3.2 172.3 6.8 18.4 3.4 12 0.5 87 MPT
Post 98PMT 41.0290 -73.9069 447-448 447.5 98.6 4.6 81.7 3.8 105.7 2.7 80.8 3.5 163.8 7.2 13.0 3.5 12 0.6 101 MPT
Post 98PMT 41.0290 -73.9069 451-452 451.5 117.0 5.0 82.8 3.8 120.0 2.8 88.5 3.2 185.0 6.5 18.4 3.4 12 0.5 88 MPT
Post 98PMT 41.0290 -73.9069 455-456 455.5 108.4 4.2 95.6 4.0 100.9 2.7 83.0 3.4 150.1 7.9 15.2 3.5 12 0.6 98 MPT
Post 98PMT 41.0290 -73.9069 459-460 459.5 107.3 4.3 84.9 3.8 106.9 2.7 84.1 3.4 157.5 7.5 9.8 3.6 12 0.5 97 MPT
Post 98PMT 41.0290 -73.9069 463-464 463.5 119.2 4.9 87.1 3.8 111.7 2.7 91.9 3.0 167.0 7.0 19.5 3.4 12 0.6 107 MPT
Post 98PMT 41.0290 -73.9069 467-468 467.5 105.1 4.3 94.5 4.0 109.3 2.7 88.5 3.2 167.0 7.0 19.5 3.4 12 0.4 73 MPT
Post 98PMT 41.0290 -73.9069 471-472 471.5 111.6 5.0 89.2 3.9 112.8 2.7 95.2 3.5 169.1 7.0 19.5 3.4 12 0.6 100 MPT
Post 98PMT 41.0290 -73.9069 475-476 475.5 101.9 4.4 94.5 4.0 105.7 2.7 93.0 3.0 170.2 6.9 14.1 3.5 13 0.6 97 MPT
Post 98PMT 41.0290 -73.9069 479-480 479.5 109.4 4.2 94.5 4.0 106.9 2.7 96.3 3.4 173.3 6.8 16.3 3.4 12 0.5 92 MPT
Post 98PMT 41.0290 -73.9069 483-484 483.5 104.0 4.4 103.0 4.1 98.6 2.8 85.2 3.3 154.3 7.6 14.1 3.5 13 0.5 89 MPT
Post 98PMT 41.0290 -73.9069 487-488 487.5 103.0 4.4 87.1 3.8 103.3 2.7 87.4 3.2 154.3 7.6 19.5 3.4 12 0.5 89 MPT
Post 98PMT 41.0290 -73.9069 491-492 491.5 100.8 4.5 90.2 3.9 96.2 2.8 85.2 3.3 143.7 8.2 15.2 3.5 12 0.6 98 MPT
Post 98PMT 41.0290 -73.9069 500-501 500.5 98.6 4.6 82.8 3.8 109.3 2.7 87.4 3.2 174.4 6.8 27.1 3.2 12 0.6 104 MPT
Post 98PMT 41.0290 -73.9069 503-504 503.5 105.1 4.3 91.3 3.9 111.7 2.7 94.1 2.9 174.4 6.8 13.0 3.5 12 0.6 98 MPT
Post 98PMT 41.0290 -73.9069 507-508 507.5 119.2 4.9 90.2 3.9 116.4 2.7 91.9 3.0 163.8 7.2 20.6 3.3 12 0.6 100 MPT
Post 98PMT 41.0290 -73.9069 511-512 511.5 112.7 5.0 83.9 3.8 112.8 2.7 94.1 2.9 179.7 6.6 19.5 3.4 11 0.5 84 MPT
Post 98PMT 41.0290 -73.9069 515-516 515.5 108.4 4.2 94.5 4.0 115.2 2.7 98.5 3.4 182.8 6.6 16.3 3.4 12 0.4 77 MPT
Post 98PMT 41.0290 -73.9069 519-520 519.5 122.4 4.9 93.4 3.9 121.2 2.8 97.4 3.4 172.3 6.8 22.8 3.3 12 0.5 83 MPT
Post 98PMT 41.0290 -73.9069 523-524 523.5 113.8 5.0 83.9 3.8 112.8 2.7 88.5 3.2 161.7 7.3 18.4 3.4 11 0.5 98 MPT
Post 98PMT 41.0290 -73.9069 527-528 527.5 111.6 5.0 89.2 3.9 116.4 2.7 99.6 3.3 172.3 6.8 26.0 3.2 12 0.5 93 MPT
Post 98PMT 41.0290 -73.9069 531-532 531.5 113.8 5.0 94.5 4.0 117.6 2.8 100.7 3.3 176.5 6.7 16.3 3.4 12 0.5 85 MPT
Post 98PMT 41.0290 -73.9069 535-536 535.5 119.6 5.7 34.6 1.4 105.5 2.5 93.1 1.8 165.8 24.0 20.7 3.0 12 0.5 83 MPT
Post 98PMT 41.0290 -73.9069 539-540 539.5 123.0 5.7 32.4 1.4 106.2 2.6 93.1 1.8 172.1 23.2 16.1 3.1 11 0.7 119 MPT
Post 98PMT 41.0290 -73.9069 543-544 543.5 126.3 5.7 40.2 1.4 108.6 2.9 97.5 2.2 180.4 22.3 19.5 3.1 13 0.5 83 MPT
Post 98PMT 41.0290 -73.9069 547-548 547.5 117.3 4.9 33.3 1.4 111.7 3.3 91.6 2.3 181.5 22.1 13.8 3.1 11 0.5 91 MPT
Post 98PMT 41.0290 -73.9069 551-552 551.5 121.8 5.7 35.0 1.4 112.4 3.4 96.0 2.2 181.5 22.1 17.3 3.1 11 0.6 106 MPT
Post 98PMT 41.0290 -73.9069 555-556 555.5 127.5 5.7 35.4 1.4 110.1 3.1 98.9 1.8 184.6 21.8 12.7 3.1 14 0.4 74 MPT
Post 98PMT 41.0290 -73.9069 559-560 559.5 132.0 5.6 41.5 1.4 107.8 2.8 99.7 2.2 198.2 20.3 20.7 3.0 13 0.6 101 MPT
Post 98PMT 41.0290 -73.9069 563-564 563.5 123.0 5.7 32.9 1.4 117.9 4.3 98.2 2.2 200.3 20.1 16.1 3.1 12 0.6 98 MPT









Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 98PMT 41.0290 -73.9069 571-572 571.5 94.7 5.1 67.4 1.4 105.5 2.5 91.6 2.3 145.0 26.7 5.9 2.4 21 0.4 61 MPT
Post 98PMT 41.0290 -73.9069 575-576 575.5 83.4 5.2 77.4 1.4 100.8 2.1 86.5 2.1 131.4 28.5 5.9 2.4 44 0.2 27 MPT
Post 98PMT 41.0290 -73.9069 579-580 579.5 67.5 5.4 72.6 1.4 73.7 5.0 75.6 3.1 84.5 35.0 7.0 2.4 35 0.3 37 MPT
Post 98PMT 41.0290 -73.9069 583-584 583.5 94.7 5.1 45.4 1.4 113.2 3.5 76.3 3.0 121.0 29.9 9.3 3.1 14 0.5 92 MPT
Post 98PMT 41.0290 -73.9069 587-588 587.5 99.2 5.1 34.1 1.4 119.4 4.6 90.9 1.9 140.8 27.2 13.8 3.1 17 0.6 106 MPT
Post 98PMT 41.0290 -73.9069 600-601 600.5 109.4 5.0 24.2 1.4 120.2 4.7 77.1 3.0 154.4 25.5 5.9 2.4 30 0.7 104 MPT
Post 98PMT 41.0290 -73.9069 603-604 603.5 109.4 5.0 25.5 1.4 114.8 3.8 81.4 2.6 145.0 26.7 12.7 3.1 14 0.4 76 MPT
Post 98PMT 41.0290 -73.9069 607-609 608.0 107.7 4.1 57.7 10.1 109.2 2.2 91.0 2.5 146.7 5.4 16.6 2.6 15 0.5 80 MPT
Post 98PMT 41.0290 -73.9069 611-612 611.5 94.9 4.1 50.5 10.4 104.2 2.2 93.1 2.5 161.5 4.8 18.6 2.6 11 0.6 104 MPT SIC
Post 98PMT 41.0290 -73.9069 615-616 615.5 97.2 4.1 52.5 10.3 107.2 2.2 87.9 2.6 155.8 5.0 14.6 2.7 10 0.7 126 MPT SIC
Post 98PMT 41.0290 -73.9069 619-620 619.5 111.2 5.1 31.9 11.2 113.2 2.2 98.3 2.4 164.8 4.7 22.6 2.5 9 0.6 110 MPT SIC
Post 98PMT 41.0290 -73.9069 623-624 623.5 99.6 4.1 40.1 10.7 116.1 2.2 83.7 2.6 164.0 4.7 15.6 2.7 9 0.6 117 MPT SIC
Post 98PMT 41.0290 -73.9069 627-628 627.5 100.7 4.1 55.6 10.2 111.2 2.2 76.5 2.7 161.5 4.8 20.6 2.6 12 0.5 95 MPT SIC
Post 98PMT 41.0290 -73.9069 631-632 631.5 105.4 4.1 49.4 10.4 117.1 2.2 92.1 2.5 162.4 4.7 20.6 2.6 14 0.5 82 MPT SIC
Post 98PMT 41.0290 -73.9069 635-636 635.5 103.1 4.1 45.3 10.5 119.1 2.2 84.8 2.6 163.2 4.7 17.6 2.6 8 0.6 119 MPT SIC
Post 98PMT 41.0290 -73.9069 639-640 639.5 115.9 5.1 44.3 10.5 122.1 2.2 85.8 2.6 170.6 4.5 15.6 2.7 10 0.7 117 MPT SIC
Post 98PMT 41.0290 -73.9069 643-644 643.5 97.2 4.1 38.1 10.8 123.1 2.3 80.6 2.7 179.7 4.3 10.6 2.8 8 0.8 140 MPT SIC
Post 98PMT 41.0290 -73.9069 647-648 647.5 96.1 4.1 38.1 10.8 119.1 2.2 91.0 2.5 173.1 4.4 15.6 2.7 8 0.6 116 MPT SIC
Post 98PMT 41.0290 -73.9069 651-652 651.5 99.6 4.1 31.9 11.2 118.1 2.2 82.7 2.7 175.6 4.4 14.6 2.7 8 0.7 137 MPT SIC
Post 98PMT 41.0290 -73.9069 655-656 655.5 91.4 4.2 36.0 10.9 122.1 2.2 79.6 2.7 178.9 4.3 9.6 2.2 8 0.7 127 MPT SIC
Post 98PMT 41.0290 -73.9069 659-660 659.5 94.9 4.1 30.8 11.2 116.1 2.2 83.7 2.6 174.8 4.4 13.6 2.7 9 0.6 117 MPT SIC
Post 98PMT 41.0290 -73.9069 663-664 663.5 101.9 4.1 35.0 11.0 124.1 2.3 79.6 2.7 175.6 4.4 8.5 2.9 9 0.6 115 MPT SIC
Post 98PMT 41.0290 -73.9069 667-668 667.5 90.2 4.2 54.6 10.2 116.1 2.2 86.9 2.6 174.8 4.4 25.7 2.5 9 0.7 124 MPT SIC
Post 98PMT 41.0290 -73.9069 671-672 671.5 94.9 4.1 44.3 10.5 124.1 2.3 87.9 2.6 166.5 4.6 11.6 2.8 13 0.5 84 MPT SIC
Post 98PMT 41.0290 -73.9069 675-676 675.5 22.7 3.2 61.8 9.8 27.7 4.1 41.0 3.3 72.3 9.9 9.6 2.2 10 0.6 111 MPT
Post 98PMT 41.0290 -73.9069 679-680 679.5 91.4 4.2 48.4 10.5 116.1 2.2 95.2 2.5 178.9 4.3 19.6 2.6 26 0.3 48 MPT
Post 98PMT 41.0290 -73.9069 887-888 887.5 127.5 5.7 18.6 1.4 116.3 4.0 97.5 2.2 201.3 19.9 20.7 3.0 9 0.7 120 MPT C
Post 98PMT 41.0290 -73.9069 891-892 891.5 121.8 5.7 20.7 1.4 117.1 4.2 98.9 1.8 214.9 18.6 21.8 3.0 8 0.7 125 MPT C
Post 98PMT 41.0290 -73.9069 895-896 895.5 113.9 4.9 21.2 1.4 116.3 4.0 93.8 2.2 208.6 19.2 17.3 3.1 9 0.7 122 MPT C
Post 98PMT 41.0290 -73.9069 900-901 900.5 110.5 5.0 19.0 1.4 114.8 3.8 96.7 2.2 208.6 19.2 21.8 3.0 7 0.7 133 MPT C
Post 98PMT 41.0290 -73.9069 903-904 903.5 119.6 5.7 17.7 1.4 113.2 3.5 98.2 2.2 206.5 19.4 24.1 3.0 8 0.7 138 MPT C
Post 98PMT 41.0290 -73.9069 907-908 907.5 126.3 5.7 16.9 1.4 115.5 3.9 101.8 2.3 206.5 19.4 22.9 3.0 7 0.7 133 MPT C
Post 98PMT 41.0290 -73.9069 911-912 911.5 116.2 4.9 16.4 1.4 119.4 4.6 95.3 2.2 189.8 21.2 16.1 3.1 7 0.7 123 MPT C
Post 98PMT 41.0290 -73.9069 915-916 915.5 128.6 5.6 15.6 1.4 124.1 5.4 98.2 2.2 197.1 20.4 17.3 3.1 7 0.7 123 MPT C
Post 98PMT 41.0290 -73.9069 919-920 919.5 137.7 5.6 18.2 1.4 124.1 5.4 97.5 2.2 205.5 19.5 24.1 3.0 7 0.6 108 MPT C
Post 98PMT 41.0290 -73.9069 923-924 923.5 124.1 5.7 18.2 1.4 122.5 5.1 93.1 1.8 200.3 20.1 20.7 3.0 8 0.7 121 MPT C
Post 98PMT 41.0290 -73.9069 927-928 927.5 109.4 5.0 14.7 1.4 124.8 5.5 88.0 2.1 189.8 21.2 8.2 3.1 7 0.6 111 MPT C









Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 98PMT 41.0290 -73.9069 935-936 935.5 85.6 4.2 78.3 9.5 107.2 2.2 78.5 2.7 154.9 5.0 9.6 2.2 16 0.4 61 MPT
Post 98PMT 41.0290 -73.9069 939-940 939.5 104.2 4.1 116.6 9.5 94.3 2.3 68.1 2.9 125.2 6.4 14.6 2.7 18 0.4 63 MPT
Post 98PMT 41.0290 -73.9069 943-944 943.5 94.9 4.1 75.2 9.5 113.2 2.2 97.3 2.5 141.7 5.6 17.6 2.6 34 0.2 25 MPT
Post 98PMT 41.0290 -73.9069 947-948 947.5 26.2 3.7 436.7 34.9 40.6 3.9 130.7 2.8 85.5 9.0 10.6 2.8 23 0.3 42 MPT
Post 98PMT 41.0290 -73.9069 951-952 951.5 86.8 4.2 77.3 9.5 106.2 2.2 89.0 2.6 131.8 6.2 13.6 2.7 15 0.4 75 MPT
Post 98PMT 41.0290 -73.9069 955-956 955.5 100.7 4.1 68.0 9.7 118.1 2.2 81.7 2.7 138.4 5.8 18.6 2.6 12 0.6 97 MPT
Post 98PMT 41.0290 -73.9069 959-960 959.5 94.9 4.1 54.6 10.2 108.2 2.2 112.9 2.9 135.9 5.9 12.6 2.7 15 0.4 72 MPT
Post 98PMT 41.0290 -73.9069 963-964 963.5 118.2 5.1 90.7 9.3 109.2 2.2 84.8 2.6 137.6 5.9 20.6 2.6 18 0.4 67 MPT
Post 98PMT 41.0290 -73.9069 967-968 967.5 114.7 5.1 56.7 10.1 116.1 2.2 79.6 2.7 142.5 5.6 12.6 2.7 13 0.5 86 MPT
Post 98PMT 41.0290 -73.9069 971-972 971.5 111.2 5.1 51.5 10.3 125.1 2.3 92.1 2.5 156.6 5.0 19.6 2.6 11 0.6 112 MPT
Post 98PMT 41.0290 -73.9069 975-976 975.5 119.4 4.0 64.9 9.8 119.1 2.2 92.1 2.5 146.7 5.4 17.6 2.6 12 0.5 89 MPT
Post 98PMT 41.0290 -73.9069 979-980 979.5 124.0 5.1 52.5 10.3 122.1 2.2 80.6 2.7 154.1 5.1 15.6 2.7 16 0.5 84 MPT
Post 98PMT 41.0290 -73.9069 983-984 983.5 114.7 5.1 40.1 10.7 112.2 2.2 95.2 2.5 196.3 4.3 14.6 2.7 12 0.5 92 MPT
Post 98PMT 41.0290 -73.9069 1000-1001 1000.5 122.9 5.1 35.0 11.0 123.1 2.3 89.0 2.6 165.7 4.6 18.6 2.6 10 0.6 110 MPT
Post 98PMT 41.0290 -73.9069 1003-1004 1003.5 124.0 5.1 36.0 10.9 124.1 2.3 82.7 2.7 163.2 4.7 9.6 2.2 7 0.6 113 MPT C
Post 98PMT 41.0290 -73.9069 1007-1008 1007.5 113.6 5.1 36.0 10.9 122.1 2.2 89.0 2.6 170.6 4.5 14.6 2.7 8 0.7 125 MPT C
Post 98PMT 41.0290 -73.9069 1011-1012 1011.5 110.1 5.1 31.9 11.2 122.1 2.2 111.9 2.3 162.4 4.7 23.6 2.5 7 0.7 128 MPT C
Post 98PMT 41.0290 -73.9069 1015-1016 1015.5 108.9 4.1 30.8 11.2 128.1 2.3 84.8 2.6 171.5 4.5 14.6 2.7 7 0.8 147 MPT C
Post 98PMT 41.0290 -73.9069 1019-1020 1019.5 110.1 5.1 30.8 11.2 128.1 2.3 97.3 2.5 166.5 4.6 24.7 2.5 8 0.6 109 MPT C
Post 98PMT 41.0290 -73.9069 1023-1024 1023.5 106.6 4.1 36.0 10.9 124.1 2.3 86.9 2.6 174.8 4.4 15.6 2.7 14 0.4 76 MPT
Post 98PMT 41.0290 -73.9069 1027-1028 1027.5 119.4 4.0 96.9 9.3 108.2 2.2 83.7 2.6 159.9 4.8 12.6 2.7 15 0.5 80 MPT
Post 98PMT 41.0290 -73.9069 1031-1032 1031.5 107.7 4.1 106.2 9.3 113.2 2.2 91.0 2.5 157.4 4.9 15.6 2.7 27 0.3 42 MPT
Post 98PMT 41.0290 -73.9069 1035-1036 1035.5 118.2 5.1 105.2 9.3 106.2 2.2 89.0 2.6 135.9 5.9 13.6 2.7 16 0.4 72 MPT
Post 98PMT 41.0290 -73.9069 1043-1044 1043.5 108.9 4.1 69.1 9.7 123.1 2.3 83.7 2.6 141.7 5.6 17.6 2.6 12 0.6 98 MPT
Post 98PMT 41.0290 -73.9069 1048-1049 1048.5 33.1 3.7 439.8 35.2 41.6 3.9 132.7 2.8 87.2 8.9 13.6 2.7 25 0.3 43 MPT
Post 98PMT 41.0290 -73.9069 1052-1053 1052.5 99.6 4.1 182.7 12.5 99.2 2.2 87.9 2.6 135.1 6.0 7.5 5.4 22 0.4 56 MPT
Post 98PMT 41.0290 -73.9069 1056-1057 1056.5 101.9 4.1 99.0 9.3 113.2 2.2 107.7 2.3 150.8 5.2 20.6 2.6 16 0.5 79 MPT
Post 98PMT 41.0290 -73.9069 1060-1061 1060.5 114.7 5.1 183.7 12.8 86.3 2.5 98.3 2.4 125.2 6.4 29.7 2.4 19 0.4 61 MPT
Post 98PMT 41.0290 -73.9069 1063-1064 1063.5 121.7 5.1 82.5 9.4 122.1 2.2 107.7 2.3 157.4 4.9 12.6 2.7 38 0.2 29 MPT
Post 98PMT 41.0290 -73.9069 1068-1069 1068.5 114.7 5.1 79.4 9.5 126.1 2.3 104.6 2.4 156.6 5.0 18.6 2.6 23 0.4 59 MPT
Post 98PMT 41.0290 -73.9069 1072-1073 1072.5 104.2 4.1 88.7 9.3 122.1 2.2 109.8 2.3 159.9 4.8 11.6 2.8 16 0.4 69 MPT
Post 98PMT 41.0290 -73.9069 1076-1077 1076.5 110.1 5.1 84.5 9.4 129.1 2.3 114.0 2.9 167.3 4.6 20.6 2.6 21 0.4 60 MPT
Post 98PMT 41.0290 -73.9069 1080-1081 1080.5 89.1 4.2 83.5 9.4 121.1 2.2 102.5 3.0 167.3 4.6 13.6 2.7 12 0.5 85 MPT C
Post 98PMT 41.0290 -73.9069 1084-1085 1084.5 108.9 4.1 133.1 9.9 116.1 2.2 104.6 2.4 159.1 4.9 13.6 2.7 13 0.5 81 MPT C
Post 98PMT 41.0290 -73.9069 1092-1093 1092.5 94.9 4.1 64.9 9.8 124.1 2.3 98.3 2.4 163.2 4.7 16.6 2.6 21 0.3 50 MPT
Post 09 Inwood RC1 40.8748 -73.9144 0-1 0.5 207.0 4.9 49.9 19.8 79.7 2.8 120.2 2.5 399.3 12.9 117.9 3.7 11 0.5 41 MPM COS
Post 09 Inwood RC1 40.8748 -73.9144 9-10 9.5 294.1 6.1 59.6 19.2 93.0 2.4 116.9 2.5 263.3 6.3 272.1 5.7 14 0.4 32 COS
Post 09 Inwood RC1 40.8748 -73.9144 19-20 19.5 323.1 7.3 31.6 21.6 95.0 2.4 120.2 2.5 280.0 6.8 249.0 4.6 17 0.4 32 MPT SIC









Lithology description is based on texture, grain size, and organic matter composition based on the USDA system, as explained in table 
Appendix 1-2 below.  
 
 
Appendix 1: Zn, Br, Rb, Sr, Zr, Pb, LOI concentrations and bulk density, inorganic matter, and lithology of all samples (continued)
Type












Post ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % g/cm3 %
Post 09 Inwood RC1 40.8748 -73.9144 39-40 39.5 347.5 7.4 30.5 21.7 73.6 3.1 118.0 2.5 307.9 7.9 297.4 5.7 13 0.4 37 SIC
Post 09 Inwood RC1 40.8748 -73.9144 49-50 49.5 518.2 9.3 20.8 22.8 75.7 3.0 118.0 2.5 336.8 9.3 543.1 7.2 6 1.1 100 SIC
Post 09 Inwood RC1 40.8748 -73.9144 59-60 59.5 457.8 9.0 25.1 22.3 87.9 2.6 118.0 2.5 265.5 6.3 591.6 8.4 11 0.7 59 SIC
Post 09 Inwood RC1 40.8748 -73.9144 69-70 69.5 404.4 7.7 12.2 23.8 69.5 3.2 116.9 2.5 306.7 7.9 457.2 7.0 9 0.8 76 SIC
Post 09 Inwood RC1 40.8748 -73.9144 79-80 79.5 642.4 11.2 24.0 22.4 86.9 2.6 123.4 2.5 273.3 6.6 723.7 8.8 11 0.6 56 SIC
Post 09 Inwood RC1 40.8748 -73.9144 89-90 89.5 616.9 10.0 9.0 24.2 71.6 2.6 123.4 2.5 343.5 9.6 496.8 7.1 3 1.4 131 SIC
Post 09 Inwood RC1 40.8748 -73.9144 97-98 97.5 374.2 7.5 10.0 24.1 63.4 3.0 113.7 2.5 315.7 8.3 265.5 4.7 60 0.2 7 SIC
Post 08 SMC RC01 40.6474 -74.1069 0-1 0.5 211.2 5.2 0.3 1.2 68.3 6.0 125.9 4.2 88.6 34.4 159.1 3.7 N/A 0.4 N/A MPM SIC
Post 08 SMC RC01 40.6474 -74.1069 9-10 9.5 232.7 6.2 0.3 1.2 76.8 4.5 109.1 2.7 126.2 29.2 357.7 6.2 N/A 0.5 N/A MPM SIC
Post 08 SMC RC01 40.6474 -74.1069 19-20 19.5 251.9 6.2 0.2 1.3 80.7 3.9 145.6 6.4 166.9 23.9 484.8 7.7 N/A 0.5 N/A MPT SIC
Post 08 SMC RC01 40.6474 -74.1069 29-30 29.5 348.0 7.4 0.2 1.3 86.9 3.0 191.5 11.9 145.0 26.7 451.9 7.6 N/A 0.6 N/A MPT SIC
Post 08 SMC RC01 40.6474 -74.1069 39-40 39.5 432.9 8.9 0.2 1.3 78.4 4.3 105.5 2.4 113.7 30.9 712.9 9.8 N/A 0.6 N/A MPT SIC
Post 08 SMC RC01 40.6474 -74.1069 49-50 49.5 296.0 6.2 0.1 1.4 106.2 2.6 98.2 2.2 157.5 25.1 305.5 6.0 N/A 0.7 N/A MPT SIC
Post 08 SMC RC01 40.6474 -74.1069 59-60 59.5 238.3 6.2 0.1 1.3 92.3 2.3 86.5 2.1 111.6 31.2 197.7 4.8 N/A 0.7 N/A MPT SIC
Post 08 SMC RC01 40.6474 -74.1069 69-70 69.5 159.1 5.4 0.1 1.4 115.5 3.9 92.4 1.8 139.8 27.4 80.8 3.8 N/A 0.7 N/A MPT SIC
Post 08 SMC RC01 40.6474 -74.1069 79-80 79.5 127.5 5.7 0.1 1.4 115.5 3.9 91.6 2.3 151.2 25.9 59.2 3.8 N/A 0.8 N/A MPT SIC
Post 08 SMC RC01 40.6474 -74.1069 89-90 89.5 109.4 5.0 0.1 1.4 107.0 2.7 88.0 2.1 131.4 28.5 26.3 3.0 N/A 0.8 N/A MPT COS
Post 08 SMC RC01 40.6474 -74.1069 99-100 99.5 94.7 5.1 0.1 1.3 94.6 2.2 90.9 1.9 134.5 28.1 15.0 3.1 N/A 0.9 N/A MPT COS
Post 08 Big Egg RC2 40.6039 -73.8767 0-1 0.5 341.9 13.4 601.2 93.6 46.5 3.9 125.3 2.4 93.9 10.1 264.5 7.2 27 0.2 14 MPT COS
Post 08 Big Egg RC2 40.6039 -73.8767 9-10 9.5 1036.7 14.9 614.1 95.9 57.4 3.5 101.8 2.6 92.8 10.1 424.4 7.8 42 0.2 9 MPM SIC
Post 08 Big Egg RC2 40.6039 -73.8767 19-20 19.5 2681.5 29.0 391.8 56.9 41.5 4.1 94.4 2.6 135.4 8.0 1874.3 17.9 27 0.2 18 MPM SIC
Post 08 Big Egg RC2 40.6039 -73.8767 29-30 29.5 4020.2 43.6 192.1 24.2 26.7 7.4 77.3 2.7 58.0 12.1 1824.5 17.8 20 0.6 47 MPM SIC
Post 08 Big Egg RC2 40.6039 -73.8767 39-40 39.5 141.7 13.7 80.4 14.9 59.3 3.4 93.3 1.8 157.8 7.1 52.6 5.8 4 0.8 80 SIC
Post 08 Big Egg RC2 40.6039 -73.8767 49-50 49.5 169.2 13.6 300.6 41.1 85.1 2.5 111.4 2.5 127.5 8.4 160.7 6.7 21 0.2 18 MPM SIC
Post 08 Big Egg RC2 40.6039 -73.8767 59-60 59.5 106.8 13.9 273.7 36.7 77.2 2.8 102.9 2.5 143.2 7.7 59.0 6.3 18 0.2 20 MPM SIC
Post 08 Big Egg RC2 40.6039 -73.8767 69-70 69.5 94.0 13.7 183.5 22.9 88.1 2.4 115.7 2.5 219.5 6.0 27.2 5.9 10 0.4 33 SIC
Post 08 Big Egg RC2 40.6039 -73.8767 79-80 79.5 81.3 13.8 151.3 18.7 97.0 2.3 117.8 2.5 245.3 6.3 19.8 5.9 6 0.5 48 MPM SL
Post 08 Big Egg RC2 40.6039 -73.8767 89-90 89.5 77.1 13.9 147.0 18.3 90.0 2.4 117.8 2.5 272.2 7.1 19.8 5.9 6 0.6 54 MPM SL
Post 08 Big Egg RC2 40.6039 -73.8767 99-100 99.5 63.3 13.9 126.6 16.4 77.2 2.8 111.4 2.5 323.7 9.4 17.7 5.9 4 0.6 57 MPM SL
Post 08 Big Egg RC2 40.6039 -73.8767 109-110 109.5 60.2 14.0 83.6 14.8 74.2 2.9 113.6 2.5 333.8 10.0 16.6 6.0 5 0.5 45 MPM SL
Post 08 Big Egg RC2 40.6039 -73.8767 119-120 119.5 66.5 13.9 96.5 14.9 80.1 2.7 117.8 2.5 295.7 8.1 18.8 5.9 5 0.3 31 MPM SL
Post 08 Big Egg RC2 40.6039 -73.8767 129-130 129.5 65.5 13.9 95.5 14.9 77.2 2.8 113.6 2.5 322.6 9.4 16.6 6.0 6 0.5 44 MPM SL
Post 08 Big Egg RC2 40.6039 -73.8767 139-140 139.5 62.3 14.0 83.6 14.8 72.2 2.9 114.6 2.5 323.7 9.4 15.6 6.0 4 0.9 82 SL
Post 08 Big Egg RC2 40.6039 -73.8767 149-150 149.5 59.1 14.0 105.1 15.1 75.2 2.8 114.6 2.5 370.8 12.3 16.6 6.0 3 1.2 117 SL
Post 08 Big Egg RC2 40.6039 -73.8767 159-160 159.5 70.7 13.9 129.8 16.7 77.2 2.8 125.3 2.4 314.8 9.0 16.6 6.0 3 1.1 107 SL












Texture code Texture Texture ID code Texture identifier
COS Coarse sand GR Gravelly
FSIC Fine silty clay MPM
Moderately decomposed 
plant material
SC Sandy clay MPT Mucky peat








Downcore Concentration Profiles of Selected Elements in Marsh   and Delta Samples  



























































































































































































Figure A2-20: Downcore element distribution in 08BigEggRC01  













Downcore Organic Matter and Inorganic Matter Profiles in Selected Marsh and Delta Samples 












Figure A3-2: Organic and inorganic matter content of four selected cores from the lower Hudson 
estuary.  
 
 
